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SU MFIA RY 
This thesis is concerned with predicting the transient 
response performance of an exhaust gas turbocharger under 
pulsating and non-pulsating flow conditions. 
Using the measured steady state characteristics of the 
turbocharger compressor and turbine, theoretical procedures 
are developed to predict its transient response during 
rapid variations in the turbine inlet conditions. A- 
computer program has been written for non-pulsating and 
two other programs for pulsating flowýconditions- Each 
of these programs used a different method of predicting 
the response. The programs, with their subroutines 
and the organization of the calculations, and experimental 
data are presented. 
To enable the computer predicted results to be compared 
with experimental results, an experimental program was 
carried out on a Holset 3LD turbocharger. The layout 
and the principal features of the experimental test rig, 
which is designed to operate the turbocharger from a 
compressed air supply, are described. The rig may be 
used to simulate engine exhaust conditions. 
The computer predicted results are compared with the 
experimental ones obtained from tests, during pulsating 
iii 
and non-pulsating operation of the turbocharger. 
The experimental results and theoretical predictions 
are found to compare favourably, and the possible 
causes of discrepancies are i3uggested. Suggestions 
are made for further work. 
i 
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IINTRODUICTION C 
I 
CHAPTER ONE 
INTRODUCTION 
I 
The main factors which determine the power output of an 
internal combustion engine are its size, speed, compression 
ratio, operating cycle, and charge density. In order to get 
jnaximum power output for a given engine, different ro. ethods 
maj be applied by changing the above factors. 
The first method is to increase the engine speed. in- 
creasing the engine speed will result in increasing its 
power output, but the maximum power is usually attained at 
a certain piston speed due to breathing limitations. High 
speed can also cause injection problems in diesel engines. 
The second method of increasing the power output is to in- 
crease the compression ratio. In diesel engines the lilnit- 
ations on raising the compression ratio are often im- 
posed by structural and economic factors. In many cases, 
the maximum compression ratio usable in practice is limited 
because the maximum cylinder pressure also rises, and thus 
the mechanical stresses may increase so that the compression 
ratio may have to be restricted to prevent overstressing 
2 
components or designing an eXcessively heavy engine. The 
increase in maximum cylinder pressures with greater com- 
pression ratios also causes increasodfriction losses, thus 
counteracting the improvement in power and efficiency due 
to the improved thermodynamic cycle. 
The third method is to decrease the air-fuel ratio, as the 
power developed by an engine is also controlled by the fuel 
flow rate. In a diesel engine, to prevent emission 6f smoke 
and excessive specific fuel consumption, the amount of fuel 
supplied is usually less than that which could have been 
burnt completely in the air which is available. 
. 
Excess air 
is essential because an even mixing of the fuel and the air 
in the combustion chamber space is not possible. Consequent- 
ly the amount of air available limits the power output. 
The most effective method o'f increasing the work done in the 
engine cylinder is to increase the charge density of the air 
supplied so that more fuel may be burnt. 
mechanically in a supercharger. 
1--l SUPERCHARGING 
The air is compressed 
There are three methods of compressing the air entering the 
engine. 
3 
(1) Independently driven compressors 
The compressor may be powered by an auxiliary engine, 
electric motor or other prime mover, Fig (1.1a). These 
superchargers are sometimes used in stationary plants. 
Engine drivencompressors 
These superchargers are a further development of the 
superchargers in (1) above. The disadvantage of this 
method of supercharging is that the supercharger absorbs 
some of the power developed by the engine. rig (1.1b). 
There is A reduction in engine power output, and the 
specific fuel consumption of the engine may be greater 
than that of the naturally aspirated engine. 
(3) Turbochargers 
The advent of the turbochargers before Worl. d liar I 
was a successful substitute for the'superchargers 
being driven mechanically by the engine. Invention of 
turbocharging is credited to Dr Alfred BUchi 
(1) 
, who car- 
ried out experiments as early as 1911, on this system 
originally called "BUchi supercharging". The World 
War I interrupted developments, but by the mid 1920's 
the method began to be applied to large marine engines 
and later to transportation applications. 
4 
fig. (l. la) INOEPENIOENTALY ORIVEN COMRRESSCDRS 
NE 
I 
Nc 
9 .0 .1 b) EN GINE ORIVEN CCDMRRESSCD RS 
I r; ic 4 T4 
T3 
p3 
COMPRESSOR 
TURE31NE 
INTERCOOLER 
R- RECEIVER 
fig-(l-lc). SIMPLE rURBCDCHARGER SYSTEM 
SU EP EC F11 J; -\ L-71 
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1.2 TURBO'CHARGING SYSTEM 
A simple. turbocharging system is sho-vin in rig (1.1c). 
Air from the atmosphere is compressed in compressor C from 
pressure P1 to P2 and temperature from T1 to T2 The air 
may then be c%doled in the intercooler and then passed to 
the engine. Exhaust gas leaves the cylinders and enters a 
large manifold or receiver at a mcan pressure P3 and tempera- 
ture T3* It is then expanded in the turbine to the-back pros- 
sure PC The turbine drives the compressor. The thermodynamic 
analysis uses the first law of thermodynamics for the control 
systems onclosi. ng -the turbine and the compressor separately. 
When the turbine work equals the compressor work allowing 
for mechanical losses, the system is in equilibrium. If the 
turbine power is PW t and the compressor power is pWc then 
equilibrium is obtained when 
PWC =nm PW 00.0 (1) 
where n. is the mechanical efficicncy of the system. The 
mechanical losses are mainly bearing losses. Neglecting changes 
in air Velocity the power required to drive the compressor is 
PW ýa All c 
=; cT AT 0... 
and AT =. T -T 
.2 
6 
If the compressor efficiency is dofined as 
isentro2ic temperature rise 
c actual. temperature rise 
T-'-T 
T2 - Ti 
where 
Y-1 
(22 
p1 
Then the compressor power will be 
r rp 
Y-1 
PWc cp1 (P2 
ncP1 
The turbine power, Plit, is given by - 
.... (3) 
a 
.. S. (4)" 
I", 0 '9 , 
PW ttc P9 
(T 
3T 4) 
As the isentropic temperature T4', due to expansion from 
P3 to P4 from temperature T3 is- given by 
Y2 -1 
TT (P4) 
Y9 
43P3 
(7) 
and the isentropic efficiency of the turbine is defined as 
actual enthalpy drop 
t '-sentropic entlialpy drop 
I 
7 
T3T4 
T3T4 
then the work done by the turbine is 
Y -1 
pWt = ;nt 11 tc pg 
T31- (P-I) 
Yg 
(9) 
p 3 
At equilibrium, when PW cnm 
PWt 
pp yg 
p 
2)y 
tnm 1ý tC pg 
T31p 4) 
nc3 
or -Y-1 
P 
cT 
rý, 0c 
(cp- ) (T 
;nt pg 3 
(p 
39 
The term nmntnc is called the overall turbocharger efficiency 
j, AA, ý, , 4ý 
nt/c* Assuming that cC P9 YY9j, 
then 
Y-1 
[(P 2Y 
mcHT1p1. ) 1, 
t/c 09. 
(11) 
mt3p Y-1 
p 
4) y 
3 
or I 
y 
Y-1- Y-1 
p2m T' p4 
t/c 
mc 
6 
If we examine this expression we can ascertain some of the 
more important physical aspects of turbacharging. An inc: caase 
in turbocharger efficiency will increase the boost pressure 
P2 
ratio -. Similarly, the boost pressure ratio will be in- P1 
creased by a higher exhaust temperature T3 or a larger expan- 
sion pressure ratio 
3 
across the turbine. For a given engine P-4 
the exhaust temperature T3 is dependent on the indicated ther- 
mal efficiency, the fuel supply rate and the heat losses. The 
higher the indicated thermal efficiency the lower the exhaust 
temperature. The thermal load on the turbocharger, that is, 
the stress due to the engine temperature, depends on the ex- 
haust temperature, so that it is desirable not to exceed a 
set value. If-the expansion ratio across the 4,. urbine is in- 
creased then more work can be done and the boost pressure 
raised. as well as high P3 reduces engine efficiency but in- 
creases T 3* However, there is a limit to the exhaust ex- P3 
pansion ratio !; _4 , this should not exceed the boost pressure 
by too high a margin otherwise the back pressure will cause 
additional pumping work in a four stroke engine or retard 
the scavenge process in a two stroke engine. 
1.3 ADVANTAGES AND DISADVANTAGES OF TURBOCHARGING 
1.3.1 Advantages 
There are several advantages in the turbocharged 
diesel engines over naturally aspirated engines. 
0 
9 
Tbcsc advantages are-cQnz-iZ4--rably important from per- 
formance, energy utilization, pollution and economic 
points ý, -f view. Consequently, more engines are being 
turbocharged. The principal advantages of turbocharging 
are as follows: 
(1) Turbocharging increases the power output of the 
engine. Consequently, there is an increase in 
power/wt and power/volume ratios which are very 
important for automotive applications. 
(2) Exhaust energy which would have been wasted is 
utilized. This improves of f iciency and leads to 
reducedfuel consumption. 
(3) The engine cost/output rbLtio is reduced. 
(4) The performance of the engine at high altitudes, 
as the reduction in air density is reduced, is 
improved. 
A progressive increase in engine rating . )ia---, resulted 
from the development of turbocharging. At the prosent 
time engines are marketed wi-14-h bmep's of 17 bar, 
though engines have been operated successfully at 
higher bmep. 
10 
1.3.2 Disadvantages 
A major disadvantage of turbocharging occurs during 
the transient response of a turbocharged engine to a 
rapid and substantial increase in load. The response 
of the engine is controlled by the rate at which fbel 
can be burnt in the cylinder. In turn this is governed 
by the amount of air available which is supplied by the 
compressor. Applying the load, the engine speed will 
fall, and, using a speed sensing governor, the fuel de- 
livered to the cylinders will increase. In the case 
of small-load changes, increasing the fuel only is 
sufficient to maintain the engine speed within the re- 
quired limit, as there is likely to be sufficient excess 
air available to burn the fuel efficiently. For larger 
changes, the fuel rate will increase substantially, so 
the compressor must supply more air to enable the com- 
bustion process to remain efficient. During a trans- 
ient with a large load change, the turbocharger cannot 
react immediately to supply the required increased 
amount of air. Thus a large droop in engine speed will 
- occur and this may lead to emission of smoke due to 
overfuelling.. However,, if f the turbochatger is able to 
accelerate fast enough to supply the extra air needed, 
the engine. speed wi. 11 recover. Unless this happens, 
the engine will stall. 
11 
The transients occur in particular applications where 
highly rated turbocharged diesel. --ngines are being em- 
ployed. One o. An mari:, e propulsion where uni- I these is , 
directional engines are cou. pled to fixed pitch prop- 
ellers via rever-se reduction gearbox. In a crash- 
manoeuvre from full ahead to full astern the engine 
tý- - speed is usually allowed to fall 
/11 
a level just above 
idling speed before the astern gear is selected. The 
engine speed then continues to fall as the clutch be- 
COMCS fUll. " engaged and stalling may take place. The j- 
Other CC-Lise is in standby --J, eelectrical generation 
equipmený where the load change could be large and in- 
variably occurs in ar. ul-tra short time. 
This large speed droop and the possibility of stalling 
as well as the emission of e; tcessive sn, 01-. 0 which is also 
a serious source of, pollutioll in automotive applications 
are important factors 
h-V 
- 
,;, 
m obtaining the optimum trans- 
ient response of turbocharged diesel engines. In order 
to do so, it is desirable to be able to predict the per- 
formance of the turbochc3rger i-t-self under transient 
conditions. 
This thesis reports a study of the transient response 
performance of the exhaust gas turbocharger when the 
operating conditions were changed rapidly. An 
12 
experimental programme was carried out on a test rig 
designed for this purpose. Computer programs were 
developed to predict the transient response of the 
turbocharger under pulsating and non-pulsating flow 
conditions. Under non- pulsating flow conditions a 
computer program used a knowledge of the conditions at 
the turbocharger turbine inlet during the transient to 
predict the response of the turbocharger. Under 
pulsating flow conditions, the pulse generator was 
used to represent the exhaust process of an engine and 
two programs predicted the transient response of the 
turbocharger. The first used a knowledge of. the pulse 
generator characteristics and conditions of the gases 
entering the pulse generator and the second used the 
turbocharger turbine inlet conditions only. The 
experimental results obtained from the turbocharger 
test rig were used to check the validity of the 
theoretical predictions. 
CHAPTER TWO 
LITERATURE SURVEY 
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CHAPTER TWO 
LITERATURE SURVEY 
In recent years and as a result of the wide use of 
turbocharging the diesel engines, considerable attention 
has been given to turbocharger compressor and turbine 
performance under steady and pulsating flow conditions. 
Under steady flow conditions, the turbine performance 
was estimated by Wallace et al 
(2) 
using. the method of 
characteristics which takes into account the wave action 
(3) through the turbine. This method was extended later 
for a number of special cases, in particular the 
operation at overall pressure ratio up to 4 and partial 
admission. 
Under pulsating flow conditions, many workers have 
investigated-the problem of the turbine performance 
using either the method of characteristics or 'the 
quasi-steady method which assumes that at all times 
the performance of the turbine is identical with that 
obtained in steady flow conditions for the same pressure 
and temperature at the turbine inlet. Pure theoretical 
predictions using the method of characteristics were 
(4), (5) described in detail by Benson et al This 
method of predicting the performance of the turbine 
(6) 
under pulsating flow conditions was used by White 
for axial flow turbines and by Wallace and Adgey 
(7) for 
inward flow turbines. An experimental programme was 
(8) 
carried out by Wallace et al to measure the perform- 
ance of the inward radial flow turbine under pulsating 
flow conditions and the. results were compared with those 
calculated theoretically. They concluded that the 
pulsating flow tests''show a slight. dependence of turbine 
mass flow on pulse frequency for turbine speed up to 
70 000 and mean, up-stream pressure up to 26 psia.. Their 
final conclusions were that comparisons with steady * 
flow conditions cannot be made except on the basis of' 
the quasi-steady flow analysis as the time consumed using 
the method of characteristics was too high. 
I 
Benson and Scrimshaw(9) and Wallace et al 
(10) 
used the 
quasi-steady approach to calculate mass flow, power and 
efficiency of the inward radial flow turbine. These 
results were then compared with the measured flow rates 
and power. The results reported in ref (10) and 
broadly confirmed in ref (9) showed that the quasi- 
steady treatment over-estimated the mass flow and power 
by an average of 10%. 
Craig et al(11) used the quasi-steady theory but for 
axial flow turbines by predicting the turbine performance 
from steady flow results and comparing the prediction 
with the performance under pulse conditions. They 
found that the quasi-steady flow analysis gave an 
accurate prediction of mean mass flow and mean power at 
is 
pulse generator speed of 350 r. p. m., and peak pressure 
ratio of 1.8 . At higher pressure ratios (up to 2.6) 
and higher pulse generator speed of 480 rev/min, the 
quasi-steady flow method over-estimated the turbine 
. 'T n 
power): )y 15% and over-estimated the mass flow jjyý 7.5%. 
They plotted the wave travel time parameter against the 
percentage error in quasi-steady calculations for axial 
turbines in order to correlate the experimental and 
quasi-steady results. They defined the wave travel 
time parameter ý as follows: 
single wave travel time through the blades 
periodic time of the pulse 
Time for the pulse length of the blade ]2assage to pass through the speed of propagation blades 
length of the blade passage a chord of the blades 
characteristic length 
_ sum of nozzle guide vane selected chord and rotor blade chord 
mean wave speed a stagnation speed of sound in the 
gas, which can be calculated from 
inlet total temperature 
KGT3 
12 60 
fI 
or using a pseudo non-dimensional parameter 
t. 
I 
cf 
rT-- 
3 
lb 
where 
f is the pulse frequency in pulses per minute 
wave travel time parameter 
pseudo wave travel time parameter 
ca characteristic flow length of the 
turbine blades 
c 
kcP ratio of specific heats 
v 
G Gas constant 
T Total temperature 
Daneshyar et al 
(12) 
carried out a similar comprehensive 
study to ref (11) but on three axial turbines and they 
found that the quasi-steady prediction over-estimated 
the turbine efficiency by an average of 5%. 
Whitehouse et al 
(13) 
carried out a comprehensive study 
and presented the idea of apparent efficiency to predict 
the turbine performance under pulsating flow conditions 
from the steady state characteristics. They defined 
the apparent efficiency as follows: 
17 
4, 
TI r, 
Actual compressor work 
t app Available isentropic energy before turbine 
on an apparent constant pressure system 
(P2) 
yy 
Inc 
c P1 
fnc Cp3T (p 4) p3 
.. o 
The apparent efficiency qt app was calculated 
from 
experimental results using turbine and compressor steady 
state characteristics. Using measured tht, T and 3 P3 
the turbine mass flow parameter fntyrT--3 /P 3 was calculated. 
From ihtAT-3 IP3 and turbocharger speed the turbine 
expansion pressure ratio was estimated from the turbine 
P 
steady state characteristics. Using measured P and 
turbocharger speed, the compressor efficiency nC was 
found from compressor steady state characteristics. 
The work was carried for an axial turbine and the pulse 
factor presented for this purpose was found to be a 
simple smooth curve which can be used easily to 
corýelate the pulsating flow performance. 
-S 
S. 18 
Wallace and Miles 
(14) investigated the performance of 
inward radial turbine under pulsating conditions with 
single, two and three entry casing using either the 
method of characteristics or a quasi-steady technique. 
They concluded that the quasi-steady flow treatment gave 
much shorter computer programsthan that of the method 
of characteristics and gave acceptable results in terms 
of pulse amplitude predictions. Both treatments slightly 
over-estimatedmass flow rate and power with that . 
measured experimentally. 
Miyashita etal 
(15) 
carried out an experimentdl work 
to investigate the effect of pulse frequency on the 
turbine mass flow rate and efficiency. They compared 
their experimental results with theoretical predictions 
based on the quasi-steady method to specify the degree 
of accuracy of the quasi-steady theory. They operated 
the turbine under pulsating conditions with pulse 
frequency of 20,30,40 and 50 Hz. Their results# 
which were shown graphically, indicate that both the 
mass flow rate and efficiency got lower as the pulse 
frequency became smaller. They concluded that the 
cniasi-steady results were within + 10% of the results . 47- - 
measured experimentally. 
Benson 
(16) 
carried out an experimental and theoretical 
work with nozzleless radial flow turbine to correlate 
the pulsating flow with steady flow mass flow rate and 
19 
power, using the quasi-steady approach. He established 
three factors for the mass flow rate, the power and the 
power per unit mass flow for the purpose of correlation. 
k-o,. /,, He plotted these factors against pulse frequency. His 
graphs showed that the quasi-steady method over- 
estimated the turbine mass flow and power with those 
measured experimentally., --- 
Bhinder et al 
(17), (18) developed a theoretical method 
to predict the performance of centripetal turbines under un- 
steady flow conditions based on the assumptionof quasi- 
steady flow and without the need of the experimental 
steady state data for the turbine. They used the geo- 
metrical details of the turbine in order to calculate 
the required turbine performance parameters. The 
results were within 10% of those calculated from the 
corresponding steady state values. 
Shamsi 
(19)1(20) 
introduced a method to correlate between 
the turbine petformance parameters under pulsating 
conditions with those predicted from steady state 
conditions based on the quasi-steady approach. He 
gave the expression of effective turbine expansion ratio 
(m. e. t. e. r) for the purpose of correlation. This factor 
was calculated as follows: 
pwt ýj tCpT31y Ti t 
K( 
P3) -1 
1 
p4y 
20 
T1-(1)1: 
- 
71 9a*s (20) 3[-m. e. t. e, -r YIt 
and the turbine power PW t 
is equal to compressor 
power (PW C) and turbocharger bearing power loss 
(PW 
B) 
M. e. t. e. r =1+ 
PW y-1 
.. 99 
PWC 
B 
tCpT 3T't 
where PW CF PW B, 
ffit, T3 and Tj t maybe measured experiment- 
ally to calculate m. e. t. e. r. then the pulse factor K to 
be calculated where 
M. e. t. e. r 
p3 
p4 
Ile found that the pulse factor K is linear function of 
mass flow parameter 
r- ih vT 
p3 
for constant pulse frequency. 
and Ih r- 
K=f (ý, - 
tp YT3 (23) 
3 
where ý is the pulse frequency. 
And the pulse factor is a single straight line when 
plotted against cyclic mass flow parameter. 
II 
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All the work carried out under pulsating flow conditions 
I 
to demonstrate the validity of the quasi-steady method 
of predicting the turbine and compressor performance 
showed, generally, that the method over-estimated the 
turbine mass flow and power. The reasons why the 
quasi-steady approach over-estimated the turbine mass 
flow and power by varying amounts probably lie in the 
following points: 
Neglecting the bearing power loss in 
power measurement, Wallace 
(10) 
and Craig 
Cil) 
et al 
2. Assuming turbine outlet pressure as constant, 
(10) (16) Wallace and Benson 
3. The inaccuracy in different extra-polated 
data of the turbine steady state characteristics, 
(9) (16Y Benson and Scrimshaw and Ben! ýon 
The study of the turbocharger compressor performance 
under steady and pulsating flow conditions has received 
the attention of many workers. 
(21) 
r (22) Whit, efield et al carried out a theroetical 
method to predict the performance map of the turbocharger 
centrifugal compressor based on one dimentional flow 
(2) 
analysis reported by Wallace 4 Whilst, Benson and 
Whitýfield (23) used the method of characteristics to 
0 
22 
predict the pulsating flow performance of centrifugal 
4 
compressor. 
Benson and Whitfield 
C24) 
investigated experimentally 
the flow characteristics of a centrifugal compressor 
under non-steady flow conditions. They found that the 
operating range of the compressor as indicated by the 
I location of the surge points is reduced, the surge point 
0 being displaced to a region of greater mass flow.. The 
displacement of the surge point was found to be dependent 
upon the amplitude and frequency of the. pressure pulses. 
Either a lower frequency or a greater pressure amplitude, 
and it could be both, will increase the displacement of 
the surge point. Outside the non-steady flow surge 
region the overall insentropic compressor efficiency was 
less than the steady flow efficiency, the difference in 
efficiency being dependent on frequency of the pressure 
pulses. They concluded that there is no simple 
relationship between the decrease in efficiency and the 
pulse frequency. 
Benson and Whitfield 
(2 5) 
ektended their work'in ref (23) 
experimentally and theoretically to study the effect of 
pulse frequency on the compressor performance. They 
extended the method of characteristics to inciude non- 
steady flow in the suction and delivery system. They 
also indicated a method of evaluating the equivalent 
length of the compressor using the 'measured steady flow 
23 
I 
surge frequency. The shift in the surge line and the 
reverse flow conditions were examined. Thbit experimental 
work has shown that the reverse flow developed gradually 
as the frequency was reduced, and that the strongest 
reverse flow pulses occurred at higher mass flow rates 
than steady flow surge. The experimental results were 
compared with the theoretical results obtained by the 
method of characteristics and the quasi-steady method. 
They concluded that the quasi-steady method gave more 
acceptable results than the methods of characteristics. 
As mentioned in Chapter 1, the inability of the turbo- 
charger to rýspond sufficiently rapidly to give enough 
air for combustion, is a reason for the sluggish 
transient performance of the turbocharged diesel e ngine. 
Any increase in the acceleration of the turbocharger 
while the load increases rapidly will improve the 
response of the engine. Injection of compressed air 
onto the compressor rotor has been suggested as a 
means of obtaining this increase in turbocharger 
acceleration. It has the advantage of increasing the 
air flow rate. This was investigated by Furukawa et 
al 
(26), (27) 
who studied the effect on compressor 
performance of injecting air'into the compressor rotor. 
They found that the compressor delivery pressure ratio 
was slightly increased for the same speed and mass flow 
parameter, and the torque required from the turbine 
was g-i: eatly reduced enabling the turbine to accelerate. 
The engine response, therefore, was improved and stalling 
24 
f 
was avoided when large loads were applied. 
In the current investigation the compressor discharges 
into a loading nozzle. The flow through the nozzle 
changes slowly with time and is, therefore, comparatively 
steady. In an engine the flow through the compressor 
will be unsteady because air is admitted to the engine 
through inlet valves. 
Very little work had been done concerning the turbo- - 
charger performance under transient operation. 
Aburwin 
(28) ýtudied experimentally 
performance of the turbocharger by 
inlet conditioncs rapidly from one 
to another steady state condition. 
carried out by hand, required a co 
turbine inlet conditions. 
the transient response 
changing the turbine 
steady state condition 
His calculation, 
m lete knowledge of 
Stockton 
(29) 
was involved in measuring turbocharger 
turbine and co#ipressor characteristics under steady 
state conditions, the development of a turbine dyna- 
mometer and unsuccessful developments on temperature 
measurements. He did some work on steady transients 
similar to that carried out by Aburwin 
(28) 
. 
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KEY FOR FIGURES (3.1) AND (3.2) 
l.. Main air inlet 
2. Main stop valve 
3. Pilot operated pressure regulator HP line 
4. Pilot operated pressure regulator LP line 
5. Stop valve for the HP line 
6. Stop valve for the LP line 
7. Combustion chamber 
8. Pulse generator and flow changeover valve 
9. Filter 
10. Pressure regulator 
11. Oil fog lubricator 
12. Air motor 
13. Exhaust silencer for air motor 
14. Turbine inlet 
15. Turbine 
16. Compressor 
17. Pressure relief valve for combustion chamber 
18. Bye-pass pipe for hot combustion gases 
19. Oil tank 
20. Oil pump 
21. Oil'pump electric motor 
22. Oil filter 
23. Oil cooler 
24. Compressor inlet air filter 
-25. Compressor loading nozzle 
26. Compiýessor exhaust 
23 
27. Pipe from the combustion chamber to pressure relief valve 
28. Propane pressure gauge 
29. Propane stop valve 
30. Propane filter 
31. Propane pressure regulator 
32. Solenoid operated stop valve 
33. Final propane control regulator 
34. Spark ignition unit 
35. Propane ignition control 
36. Oil pump starter 
37. Oil pressure gauge 
38. Regulated LP line pressure 
39. Main suppli pressure gauge 
40. ''Turbocharger speed indicator 
41. Regulated HP line pressure 
42. Pressure regulator for LP line regulator valve 
43. Pressure regulator for HP line regulator valve 
44. Combustion chamber outlet temperature indicator: fitted 
with over and under temperature trips 
45. Cooling water supply for pulse, generator and turbo- 
charger oil cooler 
46. Oil pressure gauge 
47. Gate valve 
48. Pulse Generator change-over lever 
49. Orifice plate at the compressor inlet 
50. Orifice plate at the turbine outlet 
51. Three way valve 
52. Measuring cylinder 
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CHAPTER THREE 
EXPERIMENTAL EQUIPMENT 
1 3.1 THE EXPERIMENTAL TEST RIG 
The test rig has been designed to enable the performance 
of a turbocharger to be studied when the condition of the 
y frcm a steadý flow of f luid entering the turbine changes rapidl 
I low pressure air at ambient temperature to either a. 
pulsating or a steady flow of higher pressure air at 
ambient tempera: ture, or a pulsating or a steady-flow of 
higher pressure products of, combustion at an elevated - 
temperature. 
The rig was initially built by Aburwin 
(28) 
to study the 
transient performance of the turbocharger when the inlet 
conditions to the turbine were changed rapidly from one 
steady state to another steady state condition. Another 
modification was carried out by Stockton., 
(29) 
For the purpose of-this research the rig has been 
reconstructed twice with further developments. Fig. (3-1) 
shows the arrangement of the rig for tests results 
reported in chapter seven, Figs ( 7.1) to (7.30). In 
the next chaptersthese tests will be called as "Test 
Series L". Fig. (3.2) shows the arrangement used for the 
tests presented in Figs. (7.31 ) to ( 7.59) and this will be 
30 
called "Test Series II". 
The current rig layout is shown in Fig. (3.2) (see also 
Plates (1), and (2)). Compressed air from a Broom and 
Wade V750 compressor was supplied at 120 lb/in 
2 to two 
large receivers of approximately 1100ft 
3 
capacity which 
then supplied air to the turbine. In order to be able to 
vary the turbocharger turbine operating conditions rapidly, 
the compressed air supply was divided into HP and LP 
branches, Figs (3.1) and (3.2). A stop valve was 
installed at the inlet to the rig to stop the flow in an 
emergency and isolate the system for maintenance. An 
isolating stop ýralve and a pressure regulator valve were 
mounted in each of the LP air and HP air branches in order 
to control the pressure and the rate of flow. The 
combustion chamber was fixed in the HP branch downstream 
of the regulator valve and the two branches were connected- to. 
the pulse generator in such a way that this pulse 
generator could be used for both hot and cold running. 
The air was filtered before entering the turbocharger 
compressor and discharged through a nozzle and then to 
a sound reducing box, Figs. (3.1) and (3.2). The nozzle 
was designed and mounted between pipe flanges according 
(30) 
to BS1042 I Fig. (3-3). Propane was passed through a 
filter and regulator before flowing to the combustion 
chamber. A closed lubrication circuit was installed 
for lubricating the turbocharger and the pulse generator. 
Cooling'water was passed through the pulse generator, the 
oil cooler and pressure transducers adaptors.. Stainless 
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steel pipes and fittings which could withstand the high 
temperature were used for the hot air sections. Thermo- 
couples and resistance wire thermometers, pressure 
transducers and a photo-electric device were used to 
measure temperature, pressure and turbocharger speed 
respectively while orifice plates were used for mass flow 
measurements. 
3.2 TURBOCHARGER 
Holset 3LD/. 68 Serial Number 144362 turbocharger was used 
during the tests. See Plate (3). This turbocharger, Fig. 
(3.4), consists*of a single stage centrifugal compressor 
and a single stage radial turbine mounted on the'bearing 
shaft. The turbocharger was mounted on the turbine inlet 
flange as recommended by the manufacturer; the rest of 
the connections were flexible and heavy pipework was 
separately supported. As there was no information about 
the turbocharger moment of inertia, the'latter was 
measured as explained in Section (5.3). 
3.3 TURBOCHARGER LUBRICATION SYSTEM 
The lubrication system, Fig (3.5), provided the turbo- 
charger bearings with oil at a regulated pressure using 
an automatic gear pump type GP k/4/AS/V driven by a 
single phase motor running at a speed of 960 rpm. 
Following-the manufacturer's recommendation when running 
the turbocharger on load, the oil was filtered to better 
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than 15 microns using an automobile type filter and the 
turbocharger was operated with an oil pressure above 2 
bar. An oil pressure relief valve in series with the 
pump restricted the maximum oil pressure to 5 bar. - 
Standard 20. - 50 W multigrade lubricating oil of a type 
normally used in an engine was used for lubricating the 
turbocharger. 
In order to reduce the oil temperature, the cooling 
water was passed through an oil cooler before it was 
supplied to the. turbocharger. Cooling water was not 
required during-transient operation. 
For safety two oil pressure gauges were used: one was- 
mounted at the turbocharger and the other was fixed to the 
cqntrol panel. 
3.4 COMBUSTION CHAMBER 
In order. to make it possible to heat the high pressure 
air supply a gas turbine combustion chamber was incorporated 
in the high pressure branch. The combustion chamber used 
was made by Joseph Lucas Limited. Originally this 
combustion chamber-was designed to burn aviation fuel, 
but in order'to keep the hot air supply clean and thereby 
reduce the effect of contaminations on the tvrbochar. ger 
and instrumentation, it was decided to burn propane gas 
instead of, the aviation fuel. The propane was passed 
36 
through a filter-before injection into the-'combustion 
chamber.., _A pressure. 
gauge, a pressure regulator, and a 
stop valve as well-as a solenoid-operated stop valve were 
installed. on the propane line, Fig.,, (3.2). The solenoid 
operated valve was fitted to cut the propane supply if 
the temperature of the gases leaving the combustion 
chamber was too low (due to ignition failure) or too 
high (due to excess fuel). As the maximum designed 
operated pressure of the combustion chamber was 50-lbf/ 
in 2, a connection to a relief-valve was fitted to-the 
combustion chamber, Fig. (3.2). The relief valve was 
set to open if the pressure exceeded the designed limit. 
3.5 PULSE GENERATOR 
Many workers have designed pulse generators to simulate 
the gas flow in an actual engine, and provide an 
(31). 
analogue of the engine exhaust. Jenney was one of 
the first researchers-to use the pulse generator in order 
to simulate the exhaust flow processes of a four strokd 
engine, while Wallace and Nassif 
(32) 
designed a pulse 
generator to simulate the flow processes of a two stroke 
engine. The pulse generator used in this test rig, which 
used compressed air to provide exhaust pulses, was designed 
to simulate the exhaust irom a multicylinder diesel engine 
(see Plates (4) and (5)). The general arrangement and 
the sectional, v-iew of the apparatus is shown in Figs. 
(3.6) and-(3.7). The pulse generator was manufactured 
from the cylinder head of a6 cylinder twin overhead 
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camshaft engine, which was mounted on a water cooled box 
divided into two sections. The pulse generator was used to 
provide HP pulsating flow or pass IIP steady 
flow. to the turbine as well as passing LP steady flow to 
the turbine. 
A non-return valve was desigrjed, Fig. (3.8), and fitted 
in the low pressure port as shown in Fig. (3-6) to prevent 
the high pressure air passing into the low pressure 
plenum chamber and to atmosphere through valve .9 while 
the high pressure was supplied to the turbine. 
Two camshafts were used for each mode of operation. One 
- of the camshafts controlled valvets 1 to 6 and the other 
camshaft controlled valves 9 to 12, Fig. (3.6). The 
valve guides for valves 7,8 and 9 were blanked off. The 
camshaft controlling valves 1 to 6 was operated manually 
and linked to the other camshaft (for_transients using 
non-pulsating high pressure air) or to-the air motor-, 
stop valve (for transients using pulsating, high pressure 
t 
air). Before the beginning of the transient valves 4,5 
and 6 were open and dumped high pressure air, to waste-,, 
vavles 2 and 3, passed low pressure air to the turbine 
and valve 1 was closed to seal the LP plenum chamber, 
position 1, Fig (3.6). During the transient, valves 
2,3,4,5 and 6 were closed and valve 1 was opened to 
atmosphere, and high pressure air passed to the turbine 
through valves 10,11 and 12, position 2, Fig. (3.6). 
Two camshafts were used to control valves 10,11 and 12. 
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To obtain a pulsating flow of high pressure air the 
camshaft controlling valves 10,11 and 12 was driven 
by an air motor, with the valves opening 120 
0 out of 
phase to each other to obtain 3 pulses per camshaft 
revolution. During Test Series II, in order to 
simulate engine exhaust pulse conditions more effect- 
ively, it was decided to obtain 1 pulse revolution 
instead of 3. That was done by blanking off valves 
11 and 12 and by reducing the pulse generator exhaust 
system volume by inserting an iron bar of 1ý" diameter 
in the exhaust pipe. 
To obtain a steady flow of high pressure air a simple 
camshaft was used with staggered cam profiles so that 
the opening of valves 10,11 and 12 was progressive. 
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CHAPTER FOUR 
INSTRUMENTATION 
Appropriate instrumentation was selected and fitted to 
the rig to enable the turbocharger speed and the 
temperature and pressure of the working fluid to be 
recorded at salient points during steady and transient 
operations, see Figs (4.1) and (4.2). 
4.1 PRESSURE MEASUREMENTS 
Test Series I: 
Inductive type transducers, which were used. gave 
reasonable response t"o pressure variations, and 
according to Considine 
(33) 
, temperature 
had slight 
effect on the measurements. From the manufacturer 
specification the linearity should be within 
± 1%. The 
, pressure 
transducers, which were used, were Southern, 
Instruments type G301 and type G255 and Vibrometer 
inductive transducers type PK/10 as follows. 
Turbine inlet : G301 transducer (0-100 lbf/in 
2) 
Turbine outlet : G301 transducer (0- 50 lbf/in 
2) 
Compressor inlet G255 differential transducer 
(-10-0-10--lbf/in2) (Measuring 
the difference between the 
compressor inlet pressure and 
atmospheric pressure) 
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Compressor outlet : G301 transducer (0-100 lbf/in 
2) 
Orifice plate at the G255 differential transducer 
turbine inlet (-10-0-10 lbf/in2) (Measuring 
the difference across the orifice 
plate) 
Orifice plate at G255 differential transducer 
compressor inlet (-10-0-10 lbf/in2) (Measuring 
the difference across the orifice 
plate) 
Pulse generator inlet Vibrometer N10 transducer 
(0-142 lbf/in ) 
Nozzle inlet Vibrometer N10 transducer 
(o-142 lbf/in ) 
See Fig. (4.1) 
The Southern Instruments transducers were each coupled 
to a Southern Iýstruments type 1860 frequency modulated 
unit through an oscillator type 1822. See Plate (6). 
The method of operation of the Southern transducers was 
as follows: 
the pressure applied to the diaphragm of the 
transducer deflected the diaphragm causing a 
variation in the inductance of the transducer, 
(ii) the variation in inductance in turn modified the 
natural frequency of the oscillator circuit. 
Consequently a change in the pressure applied to 
the transducer was converted into a proportional 
change in the frequency of 2 MHz carrier wave, 
(iii)-. the-carrier wave was then passed to the frequency 
modulated unit. In the frequepcy modulated unit 
50 
the signal was amplified and then applied to a 
frequency-discriminator circuit, and the output 
produced by this circuit was a direct voltage 
proportional to the change in the input frequency. 
The output from the frequency discriminator 
circuit was passed through a filter to give a 
low value of output-noise level. The output 
voltage was thus directly proportional 
to the pressure applied to the transducer, and 
could be either used to operate an oscilloscope 
or used to drive a galvanometer in a galvanometer 
recorder. 
The Vibrometer equipment consisted of an inductive full 
bridge pressure transducer type PK/10 using 8kHz carrier 
system with conditioning unit type 81CF-24/AG. The 
output from the unit could be used to operate an 
os. cilloscope or used to drive a galvanometer in a 
galvanometer recorder. 
All the pressure variations were recorded using an Ultra- 
Violet recorder type SE 2100 with 24 channels. 
The'transducers were calibrated within the ranges 
previously specified. The high pressure calibrations 
were carried out using a dead-weight tester. Iýach low 
pressure transducer was calibrated by installing it in 
its operciting position on the rig and connecting a 
manometer across the transducer; the rig was then 
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operated under a range of steady conditions and the 
corresponding galvanometer deflections and manometer 
readings were recorded. From these values a graph of 
deflection against pressure was obtained for each 
pressure transducer. 
Test Series II 
For this series all the Southern Inductive transducers 
were replaced by National Semiconductor Transducers 
because they were found unsuitable. The replacement 
transducers were supplied to the following specifications: 
TRANSDUCER POSITION TYPE OPEPATING RANGE 
SENSITIVITY 
CAIJ13RATICN 
mv/psi 
Ccrrp. Orif. Plate IX 1701 G -5 to 5 psig 1000 + 20 
inlet 
Ccnp. Orif. diff. LX 1801 DZ -5 to 5 psid 10DO + 20 
Ccnp-Outlet IX 1702 G 0 to 15 psig 670 + 13 
Nozzle inlet LX 1802 GBZ 0 to 15 psig 670 + 13 
Turbine inlet LX 1703 GB 0 to 30 psig 333 + 6 
Turbine outlet LX 1802 GBZ 0 to 15 psig 670 + 13 
Turbine Orif. inlet LX 1802 GBZ 0 to 15 psig 670 + 13 
Turbine Orif. diff. LX 1801 DZ -5 to 5 psid 1000 + 20 
I) 
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The transducers were calibrated within the ranges previously 
specified. The calibrations were carried out using 
power source and two digital voltmeters as well as 
calibratinq each transducer with a manometer across it 
as described earlier. 
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4.2 MASS FLOW RATE MEASUREMENTS 
Orifice plates with corner tappings to measure the 
turbine and compressor mass flow rate were designed and 
(3o) fitted in the test rig according to BS1042 In 
"TestSeries I"the turbine orifice plate was fitted at 
the turbine inlet, Fig (3.1), and in"Test Series II"it 
was fitted in the turbine exhaust, see Fig (3.2) and 
plate (8). The compressor orifice plate in both-series 
was fitted at the'compressor inlet,, see Figs (3.1), 
and plate (9). 
A record of the variations of the upstream pressure and 
temperature as well as the pressure drop across the 
orifice plate was obtained from the U. V. recorder. 
Using these recorded values, the mass flow rates under 
the transient operation, through the turbine and comp- 
ressor were calculated using BS1042. 
The details of the orifice plates, were as follows: 
Turbine Orifice plate - Test Series 
Orifice diameter d=1 131, 
16 
Pipe diameter D= 1%" 
.d Diameter ratio 0.740 
Area'ratio (! 1)2 0.548 D 
Material - Stainless Steel 
55 
(ii) Turbine Orifice plate - Test Series II 
Orifice diameter d= 2k" 
3 
Pipe diameter D=3 -j-6 
.d Diameter ratio fj = 0.7059 
Area ratio (! 
1ý2 
= 0.4983 D 
Material - Stainless Steel 
Compressor Orifice plate - 
Test Series I and Test Series II 
Orifice diameter d= 17-811 
I'll Pipe diameter D= -22 
Diameter ratio 0.75 D 
Area ratio (ýq)2 = 0.5625 D 
Material - Brass 
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4.3 TEMPERATURE MEASUREMENTS 
30 swg nickel chromium-nickel aluminium thermocouples were 
used for all the temperature measurements except at the 
turbine inlet where tungsten resistance wire probe with 
balanced Wheatstone bridge was used. See Plate (10). 
Tungsten Wire Resistance Probe 
The electrical resistance of tungsten, as that-of most 
metals, increases with temperature, and this effect was 
used to measure the transient temperature at the turbine 
inlet 
(34)(35) 
As the highest accuracy and sensitivity 
was required the balanced form of Wheatstcne; s bridge was 
used. In this method, the resistance of one arm of the 
bridge is adjusted until the bridge is balanced, Fig. (4-3). 
When the probe temperature changes, -the probe resistance 
will vary and the bridge will be unbalanced. The output 
of this circuit was used to drive a galvanometer of the 
UV recorder. As the wire was very fine (5 microns) and 
soild particles, which cause wire fracturp, might be present 
in the air, the probe was inserted in the pipe only as 
required. 
The fine wire probe was calibrated as follows: 
A thermocouple was connected very near to the probe in 
the experimental rig. The turbocharger was run in steps 
of 5,000'rpm and the thermocouple temperature was recorded 
Ik 
from a Comark electronic temperature indicator as well as 
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the galvonometer deflection of the probe. The temperature 
was plotted against the galvanometer deflection as shown 
in Fig. 
4.4 SPEED MEASUREMENTS 
A photo-electric pulse pick up was used to measure the 
turbocharger speed. It consisted Of an admitter and 
receiver and was mounted on the turbocharger casing 
above the compressor rotor, Fig. (4.5). As there are 
six large blades and six small blades on the rotor, the 
device was mounted in such a way that it received reflected 
signals from the six large blades only. A beam of light 
was projected through the admitter and the reflected 
beam of light fell on the receiver. The electrical 
impulses generated by the receiver were passed through 
an integrating and filter circuit. The output of this 
circuit was proportional to the turbocharger speed 
and the signal was recorded using the Ultra Violet 
galvanometer recorder. The gain of the amplifier was 
adjusted to obtain a suitable deflection and the ratio 
between the galvanometer deflection and turbocharger speed 
was attained using a pulse counter. 
4.5 INTERFACE UNIT 
I 
An-interface unit was manufactured to connect the 
various 'items of electronic instrumentation to the 
Ultra Violet Recorder (Test Series II). It consisted of: 
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8 thermocouple amplifiers with attenuation and 
balancing circuits, (Fig. 4.6) 1 
(ii) attenuation, offset, 'and filter networks for the 
pressure transducers, Fig. (4.7) , 
(iii) straight "through" connections for the vibrometer 
pressure transducer and the resistance wire 
temperature measuring system , 
(iv) turbocharger speed measuring system, 
(v) power unit for (i), (ii), (iv) above and the 
pressure transducers. 
The interface outputs were used to drive the galvanometer 
of a 24 channcl UV recorder. The recorded imasurEsnents vdth 
their channels are shc"m in Table (1). 
t 
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TABLE (1) 
UV recorder 
channel 
Measurement Galvonometer 
freqjýencv Hý 
. 
1 Comp. Orif. Inlet P. 160 
2 Comp. Orif. diff p. 420 
3 Comp. Outlet P. 160 
4 Nozzle Inlet P. 160 
5 Turbine Inlet P. 160 
6 Turbine Outlet P. 160 
-7 Turbine Orif. Inlet P. 
160 
8 Turbine Orif. diff P. 420 
9 P. G. Inlet P. 1000 
10 Inle. t,,,, Temp. Turbine 
_ (Res. Wire) 160 
12 Turbocharger speed 1000 
13 Comp-Inlet Temp. 160 
14 Comp. Outlet Temp. 160 
15 Nozzle Inlet Temp. 160 
16 Turbine Outlet Temp. 160 
20 Turbine Orif. Inlet Temp 160 
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CHAPTER FIVE 
EXPERIMENTAL PROCEDURE 
5.1 PULSE GENERATOR VALVE OPENING AREA 
The pulse generator cam profile was first measured 
accurately by "Ferranti Conquest Three-Coordinate 
Measure Machine". The camshaft was rotated every 
10 0 angle and the displacement of the follower was 
recorded using a digital gauge. The method of 
measuring the follower displacement can be seen in 
Fig (5.1). 
once the valve geometry is known-the valve opening area 
can be calculated as follows: 
When the slant height between the valve faces 
is perpendicular, Fig (5.2a), the-valve area 
is equal to the frustrum of a cone, and the 
following equations were used: 
Area of a frustrum of a cone = Tr(2B-X)S. - .. (26) 
where 
S=L cos a 
X=S sin a 
BX+r 
(27) 
(28) 
... o (29) 
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SLANT HEIGHT PERRENOICULAR 
=45 
3-175mm 
a 7-938mm 
= 17- 463 mm 
1 
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Substituting equations-(27),, (. 28), (-29) into 
equation (26) : 
Area through the valve=ffL cosa(2r+Lcosasina). (30) 
Equation (30) is valid only for a perpendicular 
slant height and the limiting criterion for 
its use is 
B max -r 
limit cos a sin a .... 
(2) When the valve lift-is greater than Llimit, the 
slant height is no longer perpendicular, Fig 
(5.2b) and the following equations were used: 
S22 x+ (L y) .. (32) 
XB-r.. (33) 
Y= (B - r) tan a. .*.. (34) 
Substituting equations (32), (33), and (34),, into 
equation (26) : 
Area through the'valve =7r(B+r) 
2 
+(L-y) 
2]ý IX 
Tr (B+r) B-r) 
121, 
+tan 
2 
(1) +L 
2_ 2L (B7r) tanal 
P 
.. (35) 
The valve geometry was checked and it was found 
that the maximum valve lift was greater than 
Llimit, as follows. 
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valve seat angle with reference to the hori- 
zontal plane (a) = 45 0 
vertical dimension of valve seat chamber (y) 
= 3.17 5 mm 
diameter of the valve stem (d) = 7.938 mm 
minimum radius of valve seat (r) = 17.463 mm. 
Substituting into equation (31): 
B 
max 
limit cos a sin a 
y tan a 
cos a sin a 
4 
= 6.35 mm . 
As the maximum measured valve lift was, 9.765 mm,, 
Table (2), which was greater than Ll, m, t, 
both 
equations (30) and (35) were used as appropriate 
to calculate the valve opening area for the 
whole cycle. Fig (5.3) shows the valve opening 
area plotted against camshaft angles, 360 
0 
representing one complete cycle. It will be 
noted that there is some valve overlap. The 
effect of, the valve clearances on the calculated 
area has been neglected. 
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TABLE 2 
PULSE GENERATOR VALVE LIFTS 
camshaft angle first valve second valve third valve 
lifts lifts iifts 
deg reo MIM rMM InIm 
0 0.010 0.2311 . 442 
10 0.011 . 119 2.674 
20 . 011 . 037 5.160 
30 . 011 . 010 7 . 161 
40 . 011 . 008 8.619 
50 
.. 
Oil . 009 9.493 
6o . 01.0 . 008 9.765 
70 . 009 . 009 9.417 
80 . 013 . 011 8.0.59 
90 . 053 . 012 6.945 
100 . 134 . 012 4.8.87 
110 . 273 . 010 2.358 
120 . 442 . 010 . 343 
130 2.674 . 011 . 234 
140 5.160 . 011 . 119 
150 7. lG1 Oil 037 
160 8.619 . 011 . 010 
170 9.493 1011 . 008 
180 9.765 . 010 . 009 
190 9.417 . 009 . 008 
200 8.459 . 013 . 009 
210 6.945 . 053 . 011 
220 4.887 . 134 . 
01A. 
280 2.358 73 . 012 
240 . 343 . 442 . 010 
250 . 234 2.674 . 010 
260 . 119 5.160 Oil 
270 . 037 7.161 . 013. 
/Cont'd ... 
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camshaft- angle first value second value third value 
lifts lifts lifts 
degree mn rm rm-n 
280 . 010 
8.619 . 011 
290 . 008 9.493 . 011 
300 . 009 9.765 . 011 
310 . 008 9.417 . 010 
320 . 009 8.459 . 0019 
330 . 011 6.945 . Qý3 
340 . 012 4.887 . 053 
350 . 012 2.358 . 134 
360 . 010 . 343 . 27-3) 
8 
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5.2 PULSE GENERATOR VALVE DISCHARGE COEFFICIENTS 
(a) Under cold running 
The actual air flow 
expected to be less 
could be calculated 
the valve with its 
flow coefficient of 
the ratio of actual 
rate through the inlet valve is 
than the air flow rate which 
assuming isentropic flow through 
area fully effective. The steady 
discharge is specified as being 
mass flow to the theoretical 
mass flow, under a given set of steady flow cond- 
itions, that is, it is a flow loss factor. Applying 
elementary nozzle theory, the following assumptions 
are made: 
(i) the valve is analogous to a convergent nozzle 
(ii) the inlet velocity of the air is very much 
smaller than the outlet velocity and may be 
neglected without incurring undue error. 
using the above assumptions, the isentropic mass 
flow through the pulse generator valve can be 
calculated as follows: 
Continuity equation 
ih =vcvFv, *9 .. (36) 
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For isentropic flow 
p 
VI y99e. (37) 
1 
to 
but 
(39) RT 
energy equation 
2 
h+v.. 
u. (40) 2v2 
C 
[2 
(h -hc =0 vu V)l u 
[2 
Cp (TU-T 
V)l 
for ideal gas 
Cp-y 'y 
1R (42) 
Substituting equations (37) and (38) into equation 
(41) 
[2 
TY R) (Lv) (43) vu *y 1 PU 
0 
T 
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Substituting equations C38), 
2 
PF2p 
fn uv 2y 3. Vi 
VýT- 
R(y-1) pu 
u 
(39), and (. 43) 
L+-, 
] ý2 
p 
V U- I- 
P 
U 
into (3 6) 
.9. e (44) 
Equation (44) may only be used to calculate the mass flow 
rate when the initial velocity of the fluid is negligible, 
as when the air flows from the pulse generator plenum 
chamber through the valves into the pipe which leads to 
the turbine. 
The mass flow rate through the valve, for different 
valve lifts, was measured using the rig shown in Fig (5.4). 
A plate was mounted on the pulse generator cylinder head 
with an adjustable screw passing through the p late and 
on the axis of the valve stem. The action of turning 
the screw 360 
0 moves the valve a distance equal to the 
screw pitch. An orifice plate with the corner tappings 
was fixed in the pipe downstream to the valve. Air 
at a specified pressure was supplied to the valve, and 
the screw was turned 360 0 at a time to vary the valve 
opening. For each position the following readings 
were recorded, Fig (5.4): 
pulse generator valve inlet pressure (Pu) 
pulse generator valve outlet pressure (P v 
orifice plate inlet pressure (Pe) 
pressure across the orifice plate (AP) 
ihlet temperature to the pulse generator and 
orifice plate (T u, 
T 
e)' 
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The pulse generator valve coefficient of discharge 
was evaluated by dividing the actual mass flow rate 
through the orifice plate which was obtained by using 
BS 1042, See Appendix (2), by the isentropic mass 
flow rate through the valve which was calculated 
by equation (44). The coefficient of discharge 
was evaluated for a range of 10,20,30,40 and 
50 lbf/in 2 pressure (P u) applied to the pulse 
generator valve, Table (3), and was plotted against 
the valve lift as shown in Fig C5.5). The valve. 
coefficient of discharge increased as the valve 
lift was increased. This agreed with results 
(36) 
obtained by Williams and Cox 
(b) Under hot running 
In the steady flow tests to calculate the valve 
coefficient of discharge, the temperature of the 
air passing through the experimental rig was not 
much higher than normal ambient values. However, in 
running the rig with hot air (to simulate engine 
exhaust conditions), the values of temperature 
attained at the valves would in fact be much higher. 
It would, therefore, be incorrect to use the ex- 
perimental values of the coefficient Of discharge 
directly in the computer program, unless a temp- 
erature correction was included. The temperature 
. correction can be introduced by relating the 
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V 
TABLE 
PULSE GENEM-MR VALVE COEFFICIENT OF DISCHARGE 
valve 
lift 
Eun 
10 
2 lbf/in 
20 
2 lbf/in 
. 
30 
2 1bf/in 
40 
2 lbf/in 
50 
2 lbf/in average 
0.907 . 77 . 65 . 66 . 68 . 71 . 69 
1.814 . 55 . 57 . 6o . 60 . 61 . 59 
2.721 . 47 . 51 . 52 . 53 . 52 . 51 
3.629 . 41 . 42 . 43 . 44 . 43' . 43 
4.536 . 33 . 35 . 36 . 37 . 37 . 36 
5.443 . 28 2 91 . 30 . 31. . 31 . 3o 
6.350 . 25 . 25 . 26 . 27 - . 26 
7.257 . 21 . 22 . 23 . 23 - . 22 
8.164 . 19 . 2o . 20 . 21 - . 2o 
9.070 . 1. " . 18 . 19 - . 18 
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coefficient of discharge to the Reynolds Number at 
the throat, ie, 
pcd 
Re 
PV 
(45) 
where 
p density kg v3 m 
c the gas velocity m vs 
d diameter of the throat m 
kg 
ijv gas viscosity m. s 0 
From which the viscosity p is related directly to 
the temp erature by the use of Sutherland's Law 
(37) 
3 
2T +K 
(0 
110 T0 T+K 
where 
r- 1.52 x 10-5 
lbm 
PO ft. s 
To = 492 0R. 
(46) 
K is a constant which for air assumes a value of 
198 0 R. The density and velocity at the throat 
are known from equations (35) and (40). As a 
result the Reynolds Number at the throat may 
be calculated at the new temperature to adjust 
the Reynolds Number correction factor Z R' 
86, 
equation (128), Appendix (2), in the calculations 
using BS 1042, thus the coefficient of discharge 
could be corrected for temperature difference. 
5.3 TURBOCHARGER MOMENT OF INERTIA 
The moment of inertia of the. turbocharger rotor 
was measured by suspending the rotor by means of 
a length of wire as shown in the diagram below: 
mild steel wire 
I 
-turbocharger rotor 
The rotor was rotated through a small angle, 
and the frequency of oscillation was measured. 
The moment of inertia was then calculated from 
the frequency equation: - 
I-GJ 
.9.. (47) 
6 
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where 
frequency 
modulus of rigidity for the steel wire 
Z wire length 
I rotor moment of inertia 
J polar second moment of area of wire cross 
7T d4 section = 32 where d is wire diameter. 
I 
00 
5.4 TURBOCHARGER BEARING POWER LOSS 
Due to the friction, a fraction of the turbine power 
was lost in the bearings. The frictional heat 
generated within the bearing clearance was partly 
carried away in oil flowing out from the ends of the 
bearing and partly transmitted by conduction through 
the body of the bearing and along the shaft. 
Although fairly accurate analytical means are available 
for determining the rate of oil flow out and, hence, 
the heat lost to the escaping oil, the two other paths 
of heat trant; fer present difficult problems for analysis 
since they dependto a large extent upon special 
features of the bearing and other structural details. 
However, as far as forced-feed bearings are concerned, 
it is claimed that experimental evidence shows that 
almost all the frictional heat is removed by the oil 
f ow 
(38) 
Freeman 
(39) 
asserts that the amount of heat conducted 
away via the shaft or pedestal is only a small prop- 
ortion of the total heat generated and, can usually be, 
neglected. 
The Oil Temperature 
The oil film temperature should not exceed about 
180 0 F. A higher temperature than this would promote 
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rapid deterioration of the lubricant and change in the 
oil viscosity due to oxidation and a possible softening 
and distortion of the bearing metals themselves. if, 
due to reasons beyond the control, a temperature in 
excess of 180 0F is continually reached, then some means 
(40) 
of auxiliary cooling to the oil must be adopted 
According to this, cooling water is used to cool 
the oil flowing to the turbocharger bearing. 
Bearing Power Loss Measurements 
To measure the bearing power loss the test rig was 
modified by fitting a three-way valve in the oil flow 
return to the tank from the turbocharger bearing, 
see Plate (11). Two thermocouples were fitted in the 
inlet and outlet pipes as near as possible to the 
turbocharger, see Fig (5.6). The following procedure 
was used at specified turbocharger speedsfrom 10 000 rpm 
to 75 000 rpm increasing 5 000 rpm each time. 
1. The oil temperature at the bearing inlet was 
kept constant (about 1340.50C) throughout the experimnt by 
passing the oil through a water cooled heat exchange 
to eliminate any change in oil viscosity. 
2. The turbocharger oil inlet and outlet temperatures 
were measuretq. 
90 
-- 
5 
P) (-T 
TEST C 
T2 
rT) 
C 
T 
p)4 
TEST B 
DP 
p 
ap 
T)8 
LJ 
30 
TEST A 
T- THERMOCOUPLE 
P- MANOMETER 
AP-DIFFERENTIAL MANOMETER 
ih -MEASURING CYLINDER TO MEASURE 
OIL MASS FLOW RATE 
FIG. (5-6) MEASURING INSTRUMENTS TO MEASURE: 
TEST A TURBOCHARGER BEARING POWER LOSS 
TEST B TURBINE EXHAUST SYSTEM FLOW LOSSES 
TEST C COMPRESSOR LOADING NOZZLE MASS FLOW CHARACTERISTIC 
91 
3. The oil flow rate from the bearing was measured 
over a specified time limit (30 sec), by diverting 
the oil from the tank to a measuring cylinder 
before the oil was driven back to the tank. 
As a result, the turbocharger bearing power loss 
was calculated 
PW fa S AT B 
Ih oil mass flow rate kg/s 
S specific heat of the oil 
ki 
kg. K 
AT =T out -T in 
K 
(48) 
The specific heat of the oil S was calculated 
from the following empirical formula supplied 
by the manufacturer 
(41) 
S= (0.388 + 0.00045 T)/vID5 (49) 
S specific heat of the oil BTU/lb -. 
0F 
T oil temperature in, deg. 0F 
D specific gravity of the oil 
The turbocharger bearing power loss was plotted 
against turbocharger speed, as shown in Fig (5.7). 
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5.5 TURBINE EXHAUST SYSTEM FLOW LOSSES 
The flow losses of the turbine exhaust system were 
measured by connecting three manometers at the turbine 
outlet, the orifice plate inlet and across the orifice 
plate, Fig (5.6). A thermocouple was used to measure 
the temperature at the orifice plate inlet. The 
turbine was operated over a wide range of speed, 
measuring the turbine outlet pressure, orifice plate 
inlet pressure, differential pressure and the atmospheric 
pressure. For each turbocharger speed, the mass flow 
rate through the orifice plate was calculated using 
BS1042 and plotted against the pressure drop in, the 
exhaust system (from the turbine outlet to orifice 
plate inlet). The turbine exhaust flow losses were 
plotted against air volume flow rates as shown in 
Fig. (5.8) - 
5.6 COMPRESSOR LOADING NOZZLE MASS 
FLOW CHARACTERISTICS 
In order to produce a back pressure for the compressor, 
a nozzle was designed, Fig (3.. ý, ), and fitted at the 
compressor outlet to represent the engine, as explained 
in section (3.1). 
Manometers were connected to the compressor orifice 
plate, inlet and differential, compressor exhaust. 
and nozzle inlet. Thermocouples were installed at the 
orifice plate inlet, compressor exhaust and nozzle, 
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inlet, Fig (. 5.6). The compressor was operated'over 
a very wide range of flow rates by increasing the 
turbocharger speed in steps of 5000 rpm so as to 
measure the above pressures and temperatures. The 
pressure loss between the compressor outlet and the 
nozzle inlet was found to be negligible. Using the orifice 
plate-at the compressor inlet, the mass flow rate through 
the nozzle for each turbocharger speed was calculated by 
BS1042 (30) and plotted against nozzle inlet pressure, as 
shown in Fig (5.9). 
5.7 TRANSIENT TESTS 
After studying the air supply and the turbocharger 
characteristics it was decided that the experimental 
work should take into account that the turbine expansion 
ratio must not exceed 3; consequently, the turbocharger 
speed would not exceed 80,000 rpm. Before the rig 
was operated the following checks were carried out: 
(1) Pressure transducers, resistance wire circuit, 
thermocouples, speed measuring circuit and UV 
recorder were checked to ensure that they 
were operational. 
(2) Minimum oil pressure was attained. 
(3) Cooling water to the following pressure 
transducers, which required cooling, was turned 
on to reduce the temperature drift, 
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compressor outlet transducer 
turbine inlet transducer 
turbine outlet transducer 
turbine orifice plate inlet transducer 
nozzle inlet transducer 
turbine orifice plate differential transducer. 
See Fig (-4.2 ). 
(4) The UV recorder was switched on and the 
galvanometers set to pre-determined positions. 
To enable the transient performance of the turbo- 
charger to be measured, a series of experimental tests 
under pulsating and steady conditions were carried out. 
These transients were compared with the computer 
predicted results under the same conditions. The 
II 
procedure of each of the series of tests of the pul- 
sating transients was: 
W the initial temperature at each thermocouple was 
determined using a digital voltmeter to record 
the voltage across every set of thermocouple 
terminals on the interface units; 
(ii) the UV recorder paper speed was set at low speed 
(either 0.15 in/sec or 0.30 in/sec) and the paper 
advance started, 
(iii) the LP branch air flow was adjusted to obtain 
the initial turbocharger speed condition and 
the HP branch flow was adjusted to give the 
final pressure required in the HP line at the 
end of the transient; 
(ivL the air supply pressure was adjusted so that 
the air motor could be operational; 
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(v) the UV recorder paper feed was switched off 
and the paper speed changed to 10 times the 
initial speed. The paper feed was switched on 
again and simultaneously the flow of air to the 
turbine was changed from a steady flow of low 
pressure air to a pulsating flow of high pressure 
air. The paper feed was switched off 1ý, to 2 
seconds later; 
(vi) at the end of the transient the turbocharger 
speed was recorded. 
A sample of the UV recorder trace for a typical 
transient test under pulsating flow conditions is 
shown in Plate (12). 
The procedure of the non-pulsating transient was the 
same as the pulsating transient procedure except the 
pulse generator was not in use in (iv) and for the 
changeover in part (v) which was from a steady flow 
of LP air to steady flow of HP air using the steady 
flow-changeover lever. 
A specimen of UV recorder trace for a typical transient 
test under non-pulsating flow conditions is shown in 
Plate (13) . 
The actual test conditions for non-pulsatipg and puls- 
ating flow conditions is shown in Table 4. 
The following information was recorded using the 
galvonometers on the recorder: 
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PRESSURE 
Compressor inlet and outlet pressure (P 1IP2) 
Turbine inlet and outlet pressure (P 31P4) 
Pulse generator inlet pressure (P e) 
Compressor loading nozzle inlet pressure (P Z) 
Pressure difference across the orifice plate in 
compressor entry (AP C) 
Compressor orifice plate inlet pressure 
Pressure difference across the orifice plate in 
turbine entry (APt) 
Turbine orifice plate inlet pressure 
TEMPERATURE 
Compressor inlet and outlet temperature (T,, T 2) 
Turbine inlet and'outlet temperature (T 3 jT 4) 
Turbine orifice plate inlet temperature 
Pulse generator inlet temperature (T 
U) 
Compressor loading nozzle inlet temperature 
SPEED 
Turbocharger speed 
The positions of measuring points can be seen in 
Figs (4 - 1) and (4.2) . 
100 
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TABLE 4 
Non-Pulsating Transient Tests Setting Conditions 
Test No. Initial turbo- 
charger speed 
Final HP 
branch pressure 
1 20 000 20 
2 20 000 25 
3 20 000 30 
4 20 000 35 
5 20 000 40 
6 25 000 25 
7 25 000 30 
8 25 000 35 
9 25 000 40 
10 30 000 25 
11 30 000 30 
12 30 000 35 
13 30 000 40 
14 35 000 25 
15 35 000 30 
16 35 000 35 
17 35 000 40 
18 40 000 30 
19 40 000 40 
20 40 000 40 
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Pulsating Transient Tests Setting Conditions 
nominal pulses/seC = 25 
Test No. Initial turbo- 
charger speed rpm 
Final HP 
branch pressure 
psi 
1 20 000 40 
2 20 000 50 
3 20 000 60 
4 25 000 50 
5 25 000 60 
6 25 000 70 
7 30 000 40 
8 30 000 50 
9 30 000 60 
10 30 000 70 
v 
Pulsating Transient Tests Setting Conditions 
nominal pulses/sec = 38 
Test No. Initial turbo- 
charger speed rpm 
Final HP 
branch pressure 
psi 
1 20 000 40ý 
2 20 000 50 
3 20 000 , '60 
4 25 000 50 
5 25 000 60 
6 25 000 70 
7 30 000 40 
8 30 000 50 
9 30 000 60 
10 30 000 70 
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CHAPTER SIX 
THEORY AND COMPUTATION 
6.1 OBJECTIVE 
The objective of the theoretical work is to establish 
a theory which can be used to predict the transient 
response performance of a turbocharger under pulsating 
and non-pulsating flow conditions and to compare the* 
results with that obtained experimentally under the 
same, conditions. 
Under non-pulsating flow conditions, the method used 
only the variations of turbine pressure ratio and 
turbine inlet temperature as input data. The steps 
followed will be explained in section (6.3). 
Under pulsating flow conditions, two methods were used. 
The first method, section (6.4.1), used the complete 
system (pulse generator, exhaust system and the turbo- 
charger) to predict the transient response performance 
of the turbocharger where the calculations started from 
the pulse generator inlet, and the flow in the exhaust 
system was considered, section (6.5). The second 
method started the calculations from the turbocharger 
turbine inlet to predict the transient response 
performance of the turbocharger. 
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The methods used the information obtained from the 
steady state turbine and compressor characteristics 
assuming these to be valid instantaneously during 
the transient operations. Predicting the turbocharger 
parameters from turbine and compressor steady state 
characteristics wgte explained in section (6.7). 
6.2 ASSUMPTIONS 
Throughout this analysis the fluid was assumed to be- 
a perfect gas with a constant ratio of specific heats,, 
and that the fluid flow was hometropic, that is, neither 
frictional effects nor heat transfer occurred and that 
temperature discontinuities were absent. A quasi- 
steady flow analysis was adopted (see Chapter 2) in 
predicting the transient response performance of the 
turbocharger under pul. sating and non-pulsating transient 
operations. In the quasi-steady flow analysis it was 
assumed that under pulsating and non-pulsating transient 
operations, the turbine and compressor always operate 
instantaneously as they would under steady flow 
conditions, and that transients could be considered 
as a series of successive steady states. 
6.3 PREDICTING THE TRANSIENT RESPONSE PERFORMANCE 
OF THE TURBOCHARGER UNDER NON-PULSATING FLOW 
CONDITIONS 
The transient response performance of the turbocharger 
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under non-pulsating flow conditions was predicted 
from the steady state condition at the beginning of 
the transient to another steady state condition at 
the end of the transient. 
The principal feature of the developed method is that 
only the pressure and temperature variations at the 
turbine inlet during the transient are required, 
see Fig (6.1). 
As the transient response performance of the turbo- 
charger cannot be predicted without knowing (or being. 
able to calculate) either the mass flow rate-through-"' 
the turbine or through the compressor, the compressor 
f 
mass flow rate was calculated indirectly by discharging 
the compressed air through a nozzle fitted in the pipe 
from the compressor outlet, see Figs (3.3), (5.9) and 
II Appendix (4). The procedure for predicting the 
turbocharger performance during a transient can be 
divided into two-sections: Part A: to predict the 
turbocharger operating points at the end of the steady 
state condition which precedqs the transient, 
-Part 
B: 
to predict the performance of the turbocharger during 
the transient operation. 
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PART A 
The operating conditions of the turbocharger at the 
end of the steady state phase before the beginning of 
the transient (position B, Fig (6.1) ) were determined 
using the method illustrated in Fig (6.6) and as 
explained below: 
A. I 
The turbine expansion pressure ratio 
P3 
at the beginning P4 
of the transient was known. If the transient operation 
is superimposed on turbine mass flow characteristics, 
Fig (6.2), then the beginning of the transient, 
position B, Fig (6.2) must lie on line KL where the height 
of this line represents 
3 
P 4* 
Il 
The turbine mass flow rate is initially assumed to be the 
lowest value in the turbine mass characteristics. 
Ther efore, the mass flow parameter ffi t 
/T- 
3 /P 3 was estimated P3 
initially, and as the turbine pressure ratio P was 
known, 
the turbine speed parameter N/výrF3 was determined using 
the turbine mass characteristics, Fig (6.3). 
A-III 
The turbine efficiency was determined from the turbine 
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pressure ratio and the turbine spedd parameter, using 
the turbine efficiency characteristics, Fig (6.4). 
A-IV 
From the speed parameter N/VTT 3 evaluated in step A. II, 
the turbocharger speed N was determined. Using Fig (5.7) 
the bearing power loss PW B was evaluated, and thus the 
mechanical efficiency fl m could 
be calculated. 
A. V 
The gas density leaving the turbine was calculated 
Tt 
S 
Y-1 
T3 
(p 3y 
T4p4 
ri, 
T3 -T 4 
t Y3'ý: T 4 
Y-1 
TT -T Ti 
P3) 
y 
434t 
11 
p4 
p4 
P4 RT 4 
-11 
(50) 
99. * 
. .. (52) 
(53) 
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A. VI 
The gas volume flow rate leaving the turbine was 
calculated in order to find the*pressure drop (APL) 
across the turbine exhaust system, Fig (5.8) and thus 
the turbine outlet pressure. 
A. VII 
The turbine power was calculated using, the steady flow 
energy equation, 
PW t ý-- 
ý't Cp T3 Tj t Tj 
(P4) 
yy 
p3 
(54) 
A-VIII 
using the compressor steady state characteristics, 
Fig (6.5), an arbitrary point was determined on this 
turbocharger speed to start the calculation with its 
compressor mass flow rate mi c, and 
from its pressure 
ratio 
2, the compressor outlet pressure P2 was cal- T-1- 
culated assuming the compressor inlet pressure P, was 
almost atmospheric. From this compressor outlet 
fn 
pressure P2, a mass flow parameter P 
zk through the 
2 
compressor loading nozzle was evaluated using the nozzle 
mass characteristics, Fig (5.9). As the nozzle mass 
ih 
flow parameter Z was expressed in terms of the density P2 
of the air entering the nozzle, this density had to be 
calculated as follows: 
2 
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fq. nr 
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T 
Tý 
(P2) 
yy 
T1p1 
n 
T2' T1 
T2T1 
Substituting equation (55) into equation (56), 
p 
(P 2 
1 
and 
(55) 
(56) 
(57) 
, -ýw 
p2 
P2 RT2 .#*o (58) 
Equation (57) was substituted into equation (58) to 
calculate P2' the air density at the compressor outlet. 
fa 
Substituting P2 into the term 
Pz predicted earlier 
from 
2 
the nozzle mass characteristics, the mass flow rate 
through the nozzle ýh z was obt, ained. This must be equal 
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to the mass flow rate týrough the compressor fn which c 
was calculated earlier, _ 
If this was not, so, this. step, AVIII 
was repeated using the new estimate of ih c until succes- 
sive values of fn C were sufficiently close 
(within 1%). 
AIX ý 
As the compressor mass flow rate had been determined, 
the compressor efficiency was evaluated using compressor 
steady characteristics at the known speed, Fig(6.5). 
AX ' 
Meanwhile, knowing the compressor mass flow rate, 
efficiency and pressure ratio, the compressor.. ýpower was 
calculated, 
-y 
PW 
c nc 
P2) 
y (59) 
p 
AXI 
The turbine power calculated from equation (54) and the 
compressor power calculated from equation'(59) must 
satisfy the compatibility equation (60), 
PW 
c= 
PW t* (60) 
If this was not satisfied,. steps (A. II) to (A. XI) were 
repeated and a new value of fn t used to obtain better 
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estimates of PW C 
and PW t until successive values 
of 
PW 
c 
and PW t satisfied equation 
(60). 
The operating point of the turbocharger at the end of the 
steady flow conditions (the beginning of the transient) 
was thus predicted, position B, Fig (6.1) and position 
B, Fig (6.2). 
PART B 
The second part of the procedure was to predict-the performance 
of the turbocharger during transient ooeration at the end of each 
step. The transient B to C, Fig (6.1) or B to C, 
Fig (6.2) was divided into small intervals and during 
each of these intervals a procedure similar to that 
discussed in part A was used except when applying 
the compatibility equation in step K. Xj., As the turbo- 
charger speed was not constant the work required to 
accelerate the turbocharger had to be included in that 
equation. Therefore, 
1the 
following compatibility 
equation was used for the, turbocharger during the 
transient operation 
f 
n+l 
PW dt f 
n+l 
PW dt +f 
n+l 
Iw 
dw dt 
tc dt 
.... (61) 
Assuming the variation in turbine power and compressor 
power during the time interval. were linear, equation (61) 
could be written in the following numerical form 
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(Pwt) 
n+ 
(Pwt) 
n+l At= 
(Pwc) 
n+ 
(PWC) 
n+l At+ .1w2 -' 
2 
222 n+l ") n 
e. .. (62) 
Thiz method, described in this section, is shown'superinposed on 
turbine, ccnpressor and ccupressor loading )aozzle characteristics 
Fig (6.6) . 
6.4 PREDICTING THE TRANSIENT RESPONSE PERFORMANCE 
OF THE TURBOCHARGER UNDER PULSATING FLOW 
CONDITIONS 
6.4.1 MLMIOD I 
In real turbocharging operation the engine discharges 
into an exhaust system where it delivers the exhaust 
gases to the turbocharger turbine. The first method 
developed to simulate the turbocharging operation in 
the test rig started the calculation from the pulse 
generator inlet valve which represented the engine 
inlet valve. This calculation included the pulse 
generator exhaust system-which in fact represented. the 
turbocharger turbine inlet system. The filling and 
emptying method described in section (6.5) was used to 
calculate the pressure and temperature at the turbine 
inlet at the end of each step in the transient. 
Initially, the condition of the turbocharger was 
predicted at the end of the steady state phase before 
starting the transient, see position B, Figs (6.2), and 
that was done exactly as section (6.3) part A. 
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After the turbocharger steady state condition was 
determined, the transient response performance of the 
turbocharger during the transient operation was 
predicted. The transient, from B to C, Fig C6.2), 
was divided into small time intervals. Then, for the 
next step: 
(1) The turbocharger speed was increased by a small 
amount of 500 rpm, therefore, new turbine speed 
parameter 
N+ 500 
VT 
3 
P 
(2) The turbine pressure rýLtio at the step was P4- 
evaluated at this new turbine speed parameterl 
using the original mass flow parameter and 
turbine mass characteristics, Fig (6.3). 
(3) Using the turbine efficiency characteristics, 
Fig (6.4), the turbine efficiency at the end 
of this step was determined for the new turbine 
speed parameter and turbine pressure ratio. 
(4) From the turbocharger speed estimated in step 
the bearing power loss PW B was evaluated, 
Fig 
and thus the mechanical efficiency fl m could 
be 
calculated ignoring the change in power during 
this step. 
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(5) The gas density leaving th6 turbine was 
calculated, see equations (50) to (53). 
p4 
P4 ý RT 4 .. o 
(53) 
(6) The gas volume flow rate leaving the turbine 
was calculated in order to find the pressure 
drop APL across the turbine exhaust system, 
Fig (5.8) and thus the turbine outlet pressure. 
(7) The turbine power at the end of this step 
was calculated'at the new turbine speed, 
P Wt ýn CT TI 34 (54) tp3 T't 1 P3) 
'y 
m[ 
(8) Assuming that during this small increase in the 
turbocharger speed, the shape of the compressor 
inlet and outlet velocity triangle did not 
change and therefore the new compressor mass 
flow rate was proportional-to the new speed, 
fa xN+ 500 (63) ccN 
(9) Knowing the compressor mass flow rate from the 
previous step and using the compressor steady 
state characteristics, Fig (6.5), the corres- 
ponding compressor pressure ratio 
P2 
and P1 
compressor efficiency were evaluated at the new 
speed. 
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(10) 
(11) 
The compressor power was calculated at the 
new speed, 
PW = 
fn 
cCT 
P2 1: 1 1 
c TI 
PPy (59) 
c 
The turbine power calculated in step (7) and 
the compressor power calculated in step (10) 
must satisfy the turbocharger compatibility 
equation during the transient operation. As 
the turbocharger speed was not constant, the 
work required to accelerate the-turbocharger 
had to be included in that equation. Therefore, 
the compatibility equation for the turbocharger 
during the transient operation was used, 
equation (61) , 
n+l n+l n+l dw f. Pwt dt =. 'f Pw c 
dt + 
nf 
Iw a-t dt 
n 
0.0. 
Assuming the variation in turbine power and 
compressor power during the time interval were 
linear, equation (61) could be written in the 
following numerical form, 
2t 
pwt) (Pwt) - (PW (Pwc) wt+ n+l n+ 
LI 
n+l nc n+l n] 
o. .. (64) 
. This new value of 
turbocharger speed was used in 
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steps (2) to (11) and a further value of speed 
obtained until successive values of turbocharger 
speeds were sufficiently close (within 1%) and 
satisfying equation (64). 
6.4.2 METHOD 2 
Alterncýitivel-yrj the transient performance of the 
.1 
. turbocharger under pulsating conditions could be c. al- 
culated using step by step data at the turbine inlet. 
By doing so, any inaccuracy in the calculations of 
pressure, temperature and mass flow rate in the pulse 
generator and pulse generator exhaust system could be 
eliminated. 
The 
. 
method requires a knowledge of the measured 
variations of pressure and temperature at the turbine 
inlet, and the turbocharger speed variations with time 
during the transient. The procedure for predicting the 
transient performance of the turbocharger was as 
-follows: 
Initially, from the turbocharger speed N and 
turbine inlet temp T 31 the speed parameter 
N 
as found. 
V/T--- 3 
Knowing the speed parameter 
N 
and turbine 
3 
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expansion pressure ratio 
3, the turbine mass 
4 
flow parameter mt /T- 3/P3 was predicted from 
turbine mass characteristics, Fig C6.31. 
(-iii) The turbine mass flow rate At was calculated 
from turbine mass parameter AT /Pj. 
It33 
P3 
Uv) From turbine expansion pressure ratio P and 4 
speed parameter N//T-- 3, the turbine efficiency 
was evaluated_from. turbine efficiency 
characteristics, Fig (6.4). 
Cv) Using Fig (. 5.7) the bearing power loss PWB 
was evaluated,. and thus the mechanical efficiency 
nm could be, calculated. 
(. vi) The gas density leaving the turbine was 
calculated 
Y-1 
T3= 
(P3 
'y 
T-i p4) 
I=T3T4 ri t 
I 
4 ý- T3- T4 
p4 
P4 = RT 4 
Y-1 
rl t 
[(P3ý y_, ] 
p4 
(50) 
.... (51) 
(52) 
.9. o (-53) 
(vii) The gas volume flow rate leaving the turbine was 
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calculated in order to find the pressure drop 
(APL) across the turbine exhaust system, Fig 
(5.8) and thus the turbine outlet pressure. 
(viii) The turbine power was calculated using the 
steady flow energy equation, 
Y-1 
PWt CT (P43 
'y 
(54) tp3tmp31 
(ix) Using the compressor steady state characteristics, 
Fig (-6.5), 
l 
an arbitrary point was determined 
on this turbocharger speed to start the calcu- 
lation with its compressor mass flow rate mcp 
P 
and from its pressure ratio Ti- , the compressor 
outlet pressure-P 2 was calculated assuming the 
compressor inlet pressure P1 was almost atmos- 
pheric. From this compressor 'outlet pressure 
P2, a mass flow parameter ;n z/P2 
ý 
through the 
compressor loading nozzle was evaluated using 
the nozzle mass characteriStiCS, Fig (5.9). 
As the-, nozzle mass flow parameter m z/P2 was 
expressed in terms of the density of the air 
entering the nozzle, this density had to be 
calculated as follows: 
1---l 
T21 
2Y (55) 
Ip 
TI T 
T, T2T1 
(56) 
21 
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Substituting equation (55) into equation (56), 
2 
T1+T (57) 2 TI c 
and 
p 
P2 RT2 
(58) 
Equation C57) was substituted into equation (58) 
to calculate p 2' the air density. at the compressor 
outlet. Substituting p into the term 
ýi /p ý2 
2z2 
predicted earlier from the nozzle mass character- 
istics, the mass flow rate through the nozzle iýz 
was obtained. This must be equal to the mass 
flow rate through the compressor ýn c which was 
calculated earlier. If this was not so, step. 
(IX) was repeated. using the new estimate of mc until 
successive values of iý C were sufficiently 
close 
(within 1%). 
As the compressor mass flow rate had been 
determined, the compressor efficiency was evaluated 
using compressor steady characteristics at the known 
speed, Fig (6.5) . 
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, knowing the compressor mass 
flow Meanwhile 
rater efficiency and pressure ratio, the 
compressor power was calculated 
IV nc 
(P2 
p1 
This metho& is shown superimposed on turbine, 
compressor and compressor- loading nozzle 
characteristics,, Fig C6.7). 
6.5 THE FLOW IN THE PIPES 
The disturbance of one end of a stationary column of 
gas in a pipe will result in, transmission of this 
I 
disturbance to the other gas particles by a pressure wave 
that is propagated along the pipe. Therefore, when this 
pressure dominates every element of gas, the particles 
acquire a velocity. Then the pressure wave will be 
reflected and returned up the pipe after it reaches the., 
end of the pipe in a form depending on the-pipe boundary 
conditions. If more pressure waves are still being 
I 
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generated by the original source, the gas in the pipe 
will be influenced by pressure waves moving in opposite 
directions and these will constitute a compound wave 
system. An acoustic or sound wave is the simplest form 
of pressure disturbance and it is one of very small 
amplitude whose propagation speed is constant for all 
parts of the wave and is solely a function of the ambient 
temperature. -The disturbed particle velocity is a 
function of the pressure ratio. The wave profile is not 
affected as the disturbance travels along the pipe. 
The first worker who used this theory, with regard to the 
(42) 
charging process of engines was List This was 
found to be unsuitable for pulses of any significant 
amplitude. In a finite wave the pressure ratio changes 
the local temperature and the particle velocity, is taken 
into account. The disturbance propagation speed of any 
wave point is then the algebraic sum of the local acoustic 
velocity and the local particle velocity. The particle 
velocity varies with the density changes, as well as 
pressure. The finite wave equations were derived by 
(43) Earnshaw The generalflow pattern describing the 
interaction of finite waves cannot be determined directly 
but two simultaneous differential equations may be 
obtained for the lines, on which the derivatives of the 
flow properties can be discontinuous. These lines are 
referred to as characteristics, and the flow pattern can 
be expressed as a net of position characteristics and a 
net of corresponding state characteristics. The two 
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differential equations can be solved graphically or 
numerically by a step-by-step process from the initial 
gas properties and boundary conditions. The graphical 
approach is extensively described by Shapiro(44) and 
(45) 
the numerical solution by Benson et al 
In this investigation two methods were used for the 
flow analysis in the pipes, first the method of charact- 
eristics and then the "filling and emptying" method. 
Due to the excessive computing time for a small increai3e 
in accuracy by using the method of characteristics, the 
filling and emptying method was adopted to predict the 
flow in the pipes under pulsating conditions. The latter 
method takes no account whatsoever of the wave nature of 
the unsteady flow in the system. This method was first 
(46) (47) 
successfully used by Ryti and Eberle 
FILLING AND EMPTYING METHOD 
Fig (6.8) shows the exhaust system which transmits exhaust 
gas from the pulse generator to the turbocharger turbine. 
The calculation of pulsating flow in the exhaust system 
requires a knowledge of the initial pressure and 
temperature of the fluid in the pipes. These initial 
values of pressure and temperature were assumed to be 
equal to those during the period of steady flow immed- 
iately before the transient started. In the real engine 
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this pressure and corresponding temperature depend, on 
the engine operating conditions. The-calculation of 
the pulsating flow commenced with the pulse generator 
valve opening, Fig (5.3). Downstream the pulse 
generator the continuity equation becomes 
fav =pvcvFv* (. 65) 
Applying the energy equation between upstream and down- 
stream the pulse generator valve 
22 
hcucv 
u 9... 
(66) 
Assuming that the gas velocity upstream the pulse 
generator valve is very much less than the downstream 
gas velocity and can, therefore, be neglected without 
incurring undue inaccuracy 
cv 
[2C 
p 
(Tu-T 
v2 
(67) 
For isentropic flow 
Py 
Pv PU (p).. to (68) 
y- 
Tu(p) ve to 
(69) 
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Substituting equations (67), (68)-and (69) in equation 
(65)-gives the isentropic mass flow rate leaving the 
pulse generator value, (fn v)isen 
PRFPP 
Kuv 2y 7) 
y1y (70) 
v isen 
I/T- 
R (y- 1) 
u 
Since there are three valves in the pulse generator, the 
mass flow rate leaving each of the three valves is as 
f ollows: 
PýR Fvj 32-5 .1p 
1-1]ý 
(fnvl) (2ý1 
Pý 
)yv)y T(Tzl)T i; 7 (T 
isen vyu- uu 
Uh 
PuR FV2 2y 
ppy 
v V) 
H) y (ýJ) y 
2 isen VIF 
R (y-1) PU Fýu 
u 
7p1 Y-1- ý 
PuR FV3 2y 1) yy 
V3 isen VT- 
R( -1) puu 
u 
BY definition the coefficient of discharge is the ratio of the 
actual mass flow to the isentropic mass flow 
Cd v 
(ýnv) 
isen 
ffi 
v=cd 
(IhV) 
isen 
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The actual mass flow rate leaving each of the three 
values is 
iý 
vi 
c dl (Ih v 1) isen 
fa 
v2 =c d2 
On 
v2 
) 
isen 
fa 
v3 =c d3(1ýv3 
) 
isen 
and the actual mass flow rate entering the exhaust 
system is the algebraic sum of the actual mass flow 
rate of the three values 
ihv =. fa v1+ 
ýnv 2+ Iýv 3 
vC dl 
On 
vl) isen 
+c d2 (it v2) isen 
+c d3 (m v3) isen 
(72) 
where C dl' C d2 and C d3 are the coefficients of 
discharge 
of the pulse generator values measured experimentally 
under a range of supply pressure and different valve 
lift, Fig (5.5). 
The initial mass of gas in the exhaust system is 
ýp 
snS (73) 
sn (T s)R n 
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Assuming p the mass 
flow rate through the valve and 
the turbine is small, the mass of gas in the exhaust 
system after a time step (Atl is: 
(m 
sl n+l 
= (m S) n+ 
[(fnv) 
n+l 
- (A t In] At (74) 
where fn t is the mass flow rate leaving the exhaust 
system to enter the turbine. 
And also assuming the change in temperature of the air 
in the pipes during the step is small, then by applying 
the first law of thermodynamics 
(6-fl) 
n+1 
At = (m s) 
n+l 
(U) 
n+l 
- (m s)n 
(u)n - 
[( 
ýn 
v) n+l 
(hv) 
n+l 
- (fn t) 
(h 
s) n] 
At .. *. (75) 
Equation (73) is substituted into equation (75) and 
assuming that there is no heat transfer or work done, 
the pressure after a time step is, 
(P =(P (TS) yRAt at) v s n+l sn+v 
)n+ 
1 
(Yn+ 
n n_ s 
f 
.o9. (76) 
Thus, the temperature after a time step is: 
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(! r ) 
CPS ) 
n+ 
vs9. 
oo (77) s n+l 
(. MS ) 
n+l 
R 
From this pressure (P ) and tem erature (T ) the s n+ 1s n+l' 
mass flow rate through the turbine fa t was calculated 
using the method described in section (6.4.1) in 
conjunction with turbine and compressor characteristics 
and the same procedure was applied repeatedly to find 
the pressure and temperature after each time step to 
cover the whole required period. 
6.6 TURBOCHARGER BEARING POWER LOSS 
Some of the turbine power is lost in the bearings due 
to friction. This power loss was measured experimentally 
as explained in section (5.5). It may also be cal- 
culated by Petroff's method, as follows: 
Due to Newton's equation of viscous flow where the 
viscosity is defined as the ratio of shearing stress to 
the rate of shear 
F/A 
U/h 
where 
p dynamic viscosity 
F friction force 
A surface area 
U surface velocity 
h film thickness 
(78) 
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Petroff published the following equation for friction 
losses in journal bearing 
(48) 
F= iT p UDL/C 
PW B=F. U 
= IT3 li D3 LN 
2 /C 
where 
D diameter of the bearing 
L axial length of the bearing 
C radial clearance 
I oil 
(79) 
(80) 
I 
C 
Journal surrounded by oil film of uniform thickness 
(Petroff bearing) 
The turbocharger bearing power loss which was measured 
experimentally and shown in Fig (5.7), was used in the 
computer programs. 
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6.7 EVALUATION OF TURBINE AND COMPRESSOR PARAMETERS 
FROM STEADY STATE CHARACTERISTICS 
Each point within the range of turbine mass charact- 
eristics Fig (6.3), turbine efficiency characteristics 
Fig (6.4) or compressor steady characteristics Fig (6.5) 
has three parameters - the speed parameter Z and the X andY 
axis parameters, see Fig (6.9). If point P was a state 
condition located within any of the turbine or compressor 
characteristics with two parameters known, then the third 
parameter had to be evaluated. Two methods were used to 
evaluate the third parameter from the known parameters. 
6.7.1 Method A 
If parameters Xp and Zp were known, Yp could be 
evaluated, Fig (6.9). This method was used 
within the turbine and compressor characteristics 
as follows: 
After finding the two successive speed curves (Z) i 
and (Z)j+l on either side of the given speed 
(Z) 
p, 
the two points 1 and 2 on either side of P 
on the speed curve (Z)j, in addition to the other 
two points 3 and 4 on either side of P but on 
the speed curve (Z) j+l were 
determined. By this, 
the four points 1,2,3 and 4 surrounding points 
-P were specified. As Xt 
Y and Z parameters for 
V 
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these points were known, a linear interpolation 
was carried out between points I and 3 to find 
x5 and Y5 for point 5, see Fig (6.9) and another 
linear interpolation was carried out between 
points 2 and 4 to find X6 and Y6 for point 6. 
As X 5' y VX6 and Y6 were obtained, a linear inter- 
polation between points 5 and 6 was carried out 
to find Yp for the given Xp. 
6.7.2 Method B 
Xp and Yp were known and Zp was to be evaluated, 
Fig j6.10). This method was used in turbine mass 
characteristics aý follows: 
After finding the two successive speed curves 
(Z) i and (Z) j+l' where point P was located between 
them, the two points. 2 and 3, which were on either 
side of P on the speed curve (Z)jt in addition to 
the other two points 5 and 6 on either side of 
P but an the speed curve (Z)j+l were determined. 
A quadratic curve through points 112 and 3 was 
fitted where point 1 was the data point preceding 
point 2. Lagrange inter-polation was used, 
(see Appendix 5) to find Y8 for the given Xp. 
Similarly a quadratic curve was fitted through 
points 4,5 and 6 where point 4 was the data 
point preceding point 5 and a Lagrange inter- 
142 
Y 
yp 
: F3 
X- TURPINE MAS., S PLOW PAR/-'OVETER týT3 
p 
Y-- TURBINE RRESSURE RATiC) -P3 
II 
r-'4 
Z- TLIRE31NE SPEED PARAME7 -ER N 
'dT3" 
4f 
ro 
5 
1+1 
Zj 
xp 
TURBINE MASS CHARACTERiSTICS 
x 
f- iq 
. ý. 
(6.40) - 17-3 
143 
I 
polation was used to find Y7 for the given Xp. 
As the speed parameter (Z) i and Y 8'for point 8 
had been determined as well as the'speed 
parameter (Z) j+1 and Y7 for`point7, a linear 
interpolation was carried out between points 
7 and 8 to find the speed parameter (Z) P passing 
through point P corresponding to the given Yp. 
6.8 COMPUTER PROGRAMS 
Three computer programs. and seven subroutines were written 
to predict the transient response performance of the 
turbocharger. They were as follows: 
(1) Program NON-PULSATING used the method described 
in section (6.3) to predict the transient 
response performance of the turbocharger under 
non-pulsating flow conditions. 
(2) Program PULSATING1 used the method described 
in section (6.4.1) to predict the transient 
response performance of the turbocharger under 
pulsating flow conditions (complete'system). 
(3) Program PULSATING2 used the method described in 
section (6.4.2) to predict the transient 
response performance of the turbocharger under 
pulsating flow conditions (turbocharger only). 
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When organizing the calculations it was decided to 
keep the common calculations in the three programs. 
such as predicting turbine and compressor parameters 
from'their steady state characteristics and program 
independent calculations in form of subroutines which 
were called in the program as required. This flex- 
ibility enabled a range of different types of cal- 
culations to be performed'. The subroutines, see 
Iýppendix (6), were as follows: 
Subroutine TSCHAR (turbine mass character- 
istics)" , 
Fig (6.3), which used methods A and B described 
in section (6.7-1) and (6.7.2). 
(2) Subroutine TEFFCH (turbine efficiency character- 
istics), 
Fig (6.4), which used method A, section (6.7.1). 
0 
(3) Subroutine CCHAR (compressor steady character- 
istics),, 
Fig (6.5), which used method A, section (6.7.1). 
(4) Subroutine PIPES which used the Filling and 
Emptying Method described in section (6.5) for 
the flow in the exhaust pipes. 
(5) Subroutine VAREA which was used to calculate the 
6 
pulse generator valve opening area, Fig (5.3), 
145 
at the time of operation. 
(6) Subroutine CFTINT (curve fit interpolation) 
which was used to fit a curve through a set 
of data points using Lagrange interpolation, 
Appendix (5), to find the interpolated value 
of the required point. 
(7) Subroutine TSCHARM (turbine mass characteristics) 
which used method 4, section (6.7.1). 
The symbols usqd in each subroutine are described-in 
their related subroutine section, Appendix (6), but if 
that symbol is common with the main programs, its 
description was included in the nomenclature of the 
main programs, page (xi ). 
The flow charts and the listings of the programs are 
included in Appendix (7) and Appendix (8) respectively. 
0 
CHAPTER SEVEN 
DISCUSSION OF RESULTS 
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CHAPTER SEVEN 
DISCUSSION OF RESULTS 
In order to compare the predicted and actual transient 
response. performance of the turbocharger under pul- 
sating and non-pulsating flow conditions, an experi- 
mental programme was carried out. In each of these 
tests the transient limits were determined by pre- 
setting the LP and HP pressures and the test was, 
carried out as explained in section (5.7). Meanwhile, * 
in order to obtain a comparison between the experimental 
and the computed results the computer programs, which 
had been written to use the theoretical methods of 
predicting the transient were run under the same 
boundary conditions as each of the experimental test. 
All the experimental tests were carried out at room 
temperature because propane fuel storage facilities 
were not available at the Aeronautical and Mechanical 
Engineering Building. The experimental rig and the 
computer programs can be run within any likely range of 
engine exhaust pressure and temperature. In each 
f igure of the transient,, Figs C7.1 ) to ( 7.59) the 
X-axis represents the time from the beginning of the 
transient and the Y-axis used for the turbocharger 
parameter. The experimental results were plotted in full 
curves while the computed results were plotted in dotted 
curvýs. The same limits and scales were used for each 
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parameter to facilitate comparison of the results 
during the various transients. 
As mentioned in section (3.1), the experimental work 
was divided into two series: Test S6ries I and Test 
Series II, which will be considered successively with 
their theoretical comparisons. 
7.1 TEST SERIES I 
The test rig was constructed as shown in Fig (3.1) and 
the instrumentation used was described in-sections 
(4.1) to (4-. 4). 
Sixteen experimental transient tests were carried out 
under non-pulsating flow conditions. The theoretical 
method (Section 6.3) required only the variations of 
turbine inlet, pressure and turbine inlet temperature 
as data for the computer program (program "NON-PULS- 
ATING"). Three sets of results for non-pulsating 
transients under different conditions are presented. 
The results obtained by experiments and by computation 
are compared in Figs (-7.1) to (7.12). 
Another sixteen transient tests were carried out under 
pulsating flow conditions. As in the non-pulsating 
transients the limiýts of each transient were determined 
N 
by pre-setting the LP and HP pressures. The computer 
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program, which had been written, to apply the theoretical 
method outlined ýn Section (6.4.11 to predict the 
transient response performance of the turbocharger 
under pulsating flow*co-nditions, was used under the 
same boundary conditions'as each of the experimental 
tests to compare the experimental and the-computed 
results. The results from three typical transients 
are presented graphically in Figs (7.13) to (7.30). 
TURBINE MASS FLOW RATE AND PRESSURE RATIO 
It was observed that the measured air mass flow rate 
through the turbine, using the unsteady coefficients 
of discharge for the orifice plate was greater than the 
predicted mass flow rate which in turn was usually 
greater than the measured mass flow rate calculated using 
the BS1042 coefficients for the orifice plate. The 
mass flow rate calculated using BS1042 was much closer 
to the predicted mass flow rate than that calculated 
using the unsteady coefficients (-for an example see 
Fig 7.21). The overestimate using the unsteady coeff- 
icients of discharge is thought to arise because they 
were der: ýved under shock wave condýtions (5ee Appendix 1) 
with increasing pressure-gradients whilst during the 
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transients in this work the pressure before the orifice 
plate was oscillating about a rising mean pressure during 
the transient. The results using the BS1042 coeff- 
icients and the predicted mass flow rates through the 
turbine, are compared in Figs (7.4), (. 7.6) and (7.7) 
for the non-pulsating transients and Figs (7.19), (7.20) 
and (7.21) for the pulsating transients. A comparison 
between the experimental, and the computer predicted mass 
flow rates, then showed that there was variable agreement 
between the measured and the computer predicted-mass, flow 
rates. In general, the predicted mass. flow rates over- 
estimated the experimental mass flow rate. In the 
computer programs the turbine outlet pressure was assumed 
to be atmospheric. In fact, it was always greater than 
atmospheric pressure (and fluctuating),. In the worst :' 
case this reduced the turbine pressure ratio from 
2.407 to 2.119 at the end of the transient. Consequently, 
the predicted pressure ratio is likely to. be too high 
and this is-confirmed by most of the resultst, Figs (7.16) 
to (7.18). These overestimates of pressureýratio 
caused the turbine mass flow parameters 'ht /T 3IP3 
evaluated from turbine mass characteristics, Fig 
at a-specific speed, to be overestimated causing an 
overestimate in turbine mass flow rate fnt to be predicted 
by the computer program. 
7.1.2 TURBINE INLET ýEMPERATURE 
It was noticed that the, turbine inlet temperature 
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increased at the beginning of the, transient and decreased 
almost to the initial value by the end of the transient. 
The extent of the temperature variation depended upon 
initial and final supply pressure. These results are 
shown in Figs (7.22), (7.23) and (7.24) for the pulsating 
transients. From the Joule-Thompson effect the temp- 
erature of the HP air will be slightly greater than the 
temperature of the LP air. At the beginning of the 
pulsating, transient the air mass flow rate into the 
pipework connecting the pulse generator to the turbine 
is greater than the air mass flow rate through the tur- 
bine, so an'increase in turbine inlet temperature is 
anticipated from the non-steady flow energy equation. 
As the flow rate into the 'Pipework reduces to that 
entering the turbine the temperature of, the air entering 
the turbine will fall to the'supply temperature. 
The turbine inlet temperature was measured-by probe 
wires, see Section (4.3) and no correction had been made 
for the heat transfer from the wire to its support. 
Therefore,. it would be expected that the'observed 
temperature would be lower than the predicted temperature. 
The results showed that there is a'good agreement between 
the two temperatures, see Pigs (7.22), (7.23) and (7-. 24) 
for pulsating transients. I 
7.1.3 TURBOCHARGER SPEED 
It was found that the measured turbocharger speed and 
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that predicted by the computer program are in fairly 
good agreement in both the non-pulsating transients, 
Figs (7.1),, (7.2) and (7.3) and in, the pulsating 
transients, Figs (7.13), (7.14) and (7.15). 
7.1.4 COMPRESSOR MASS FLOW RATE AND PRESSURE RATIO 
A comparison between compressor measured mass flow rate 
and that predicted by the computer program is given in 
Figs (7.10), (7.11) and (7.12) for non-pulsating 
transients and Figs (7.28), (7.29) and ý7.30) for the 
pulsating transients. These showed that there were 
discrepancies in the measured and predicted mass flow 
rates particularly at the beginning of the transients. 
The same happened to the compressor pressure ratio at 
the beginning of the transient, too, see Figs (7.7), 
(7.8) and (7.9) for the. non-pulsating transients and 
'Figs (7.25), (7.26) and (7.27) for the pulsating 
transients. The resolution of the pressure transducers 
was not specified by the. manufacturer, but the hysteresis 
is claimed to be not more than 2% of full scale deflection. 
As full scale deflection corresponds to 10 lbf/in 
21 
this implies a hysteresis error equivalent-. to up to 
2 
0.2 lbf/in As the maximum pressure reached was only 
0.5 lbf/in 
2 
this could lead to a large error in the 
pressure differential and consequently in the measured 
mass flow rate. 
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7.2 TEST SERIES II 
In Test Series I, considerable discrepancies were found 
between the experimental and the computed results. 
Therefore, it was decided to improve the experimental 
equipment and'the method of predicting the results. 
7.2.1 EXPERIMENTALLY 
The test rig was reconstructed as shown in Fig (3.2) 
and partially re-equiprDed as follows: 
New pressure transducers with their offset 
amplifiers were used, see sections (4.1) 
and (4.5). 
2. The pulse generator. exhaust system was re- 
designed to give a smaller volume, consequently, 
3. The turbine orifice plate was relocated in the 
turbine outlet instead of the turbine inlet. 
4. Variable pulse generator camshaft speed was 
attained. 
5. A three way valve was fitted in the oil flow 
from the turbocharger bearing outlet in order 
to facilitate measuring the turbocharger 
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bearing power loss. 
6. Compressor loading nozzle mass characteristics 
were-measured experimentally. 
7.2.2 THEORETICALLY 
1. The computer program for the pulsating flow 
conditions wasmodified to start the calculations 
from the turbocharger turbine inlet, see section 
I 
(6.4.2) . 
The speed dependent measured turbocharger bearing 
power loss was taken into account instead of 
assuming the mechanical efficiency was constant . 
throughout the calculations, see section (6.6). 
I 
Compressor loading nozzle mass flow characteristics 
which were measured experimentally, see section (5.6), 
were used instead of the theoretical characteristics 
calculated by BS1042, Appendix (2). 
4.,, The turbine outlet pressure was calculated for 
each time step, using the measured pressure drop 
across the turbine exhaust system, while in Test 
Series I it was assumed atmospheric throughout 
the calculations. 
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For this series of tests,, twenty experimental 
transient tests were carried'out under non-pulsating 
flow conditions. Another twenty transient tests 
were made under pulsating flow conditions, ten with 
the pulse frequeni:: y about 25 pulses/sec and another 
ten with pulse frequencY around 38 pulses/sec. I' 
That was done by'changingýthe ratio between the air 
motor speed and the pulse generator camshaft speed. 
7.2.3 Form of the'transient 
A. Non-pulsating flow conditions 
During non-pulsating transients the pressure changed 
from low to high pressure in not more than 0.5 sec. 
The actual form and duration of the pressure ramp 
I depended on the operator. '(For an example see 'plate 
13) There was'a-small temperature excursion at 
the turbine inlet during this time. The turbine mass 
flow rate followed the turbine inlet pressure pattern. 
The turbocharger speed, 'compressor mass flow rate and 
pressure ratio increased gradually over 0.5 to 1.0 
sec. 
B. PUls_ating_Flow conditions 
Under pulsating transient operation, the turbine 
inlet pressure was changed rapidly from a steady low 
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pressure to a pulsating one in which the amplitude 
varied from a little above atmospheric to about 1.7 
to 1.8 bar. The turbine inlet temperature varied 
with the pulsating pressure. Due to the character- 
istics of the changeover mechanism, the low supply 
pressure dropped significantly before the pulsating 
flow was established. (See plate (12 ) ). The 
turbocharger speed, compressor mass flow rate and 
pressure ratio increased gradually and the overall 
duration of the transient was about 1.0 sec. 
7.2.4 Criteria for Assessing the Results 
Although great care was taken in calibrating the 
equipment, instrumentation errors are unavoidable. 
Instrumentation errors depend on the hysteresis and 
I repeatability of the instrument, accuracy of calib- 
ration, and the precision of the reading equipment. 
For example, errors in measuring the mass flow rate 
through the compressor arise from: 
Calibration error up to + 2% 
Zero error 1% 
Reading error 1% 
Hysteresis and repeatability 5% low pressure 
(Manufacturers specification) 1% high pressure 
This gives a predicted error band from + 5.5% for 
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low pressure readings to + 2.5%-Ifor high pressure 
one. To these the errors, inherent in the method of 
flow measurement should be added. Consequently, 
there is some uncertainty when comparing calculated 
with experimental results. At low flow-rate 
differences of up to 5% may, in part, be due to 
measurment; this band of uncertainty drops to about 
2% as the pressure increases to the maximum range of 
the pressure, transducer. It is also well established 
that the quasi-steady method of predicting turbine 
performance is not entirely accurate (see the 
literature survey pages 13-21). 
In the discussion which follows, agreement of cal- 
culated and experimental results, within 5%, will 
therefore be regarded as very satisfactory. 
7.2.5 Factors Affecting the Accuracy of the Results 
(1) , As the turbine and compressor experimental 
characteristics were limited in ranges, 
Figs (6.3 ), (6.4 ) and ( 6.5) , they were 
extended as described in Appendix (3) to 
cover the greater range of operation 
anticipated during the transient flow tests. 
This might cause inaccuracy in predicting the 
transient performance of the turbocharger at 
the hiqher pressure ratios - 
Whilst the extended 
diaracteristics were necessary to find the initial operating 
points, they were actually not used during the transient (see 
specimen transient plotted M Fig - (7.3iA) . 
I 
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The permitted error of iterative procedures 
used for the computer programs was 1%. When 
this permitted error was decreased from 1% 
to 0.1%, it was found that the results were 
not affected significantly as shown in Figs 
(7.58) and ( 7.59) but computer running time 
increased from 5 to 25%. 
(3) As the quasi-steady method of computing 
parameters in predicting flow gives increasing 
errors as the pulse rate increases, a poorer 
match between computed and observed results is 
expected at the pulse rate of 38 pulses/sec. 
(4) As the, turbine mass flow parameter changes 
sub ently for small changes in low pressure 
ratios, errors in measuring the initial pressure 
can have a substantial effect on the predicted 
initial state, of the turbocharger and therefore 
throughout the transient. 
7.2.6 Comparison between Experimental and Predicted 
Results I 
From Fig (7.31) to (7.59) which gives typical results 
obtained for a large range pf non-pulsating and 
pulsating transients. It can be seen that the 
the, oretical and the experimental results are 
generally very close. The greatest error occurs in 
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Fig (. T. 49) under the amount of 4% at the end of the 
transient conditions., This compares well-with the 
error band anticipated in section (7.2.4). 
The two important turbocharger parameters during the 
transient operation are the compressor air mass flow 
rate and pressure ratio, where they increased gradually 
from the initial condition to the final one and the 
computer predicted results were within 5% with ýthe 
results measured experimentally, see Figs *(7.31) to 
(7.36) ýfor non-pulsating and Figs (7.43) to (7.48) for 
pulsating transients. Generally, the, theoretical 
results overestimated the experimental ones and 
under pulsating conditions the overestimate increased 
as the pulse frequency was increased. The most critical 
parameter is the compressor airmass flow rate as this 
controls the amount of fuel which can be burnt in 
I 
the engine. The rnaxbnm difference bet: 4een the eaperimental and 
the carputed ccnipressor air mass flow rate was 0.0015-kg/s 
at the, end of the transient as shown in Fig (7.49). 
An error in compressor mass flow rate is more important 
at the beginning of the transient than at the end, 
because early in the transient the air-flow rate is 
critical for combustion and at the end of the transient 
the air, supply will be adequate for a well matched 
turbocharger engine. 
It should also be noted that the theoretical air flow 
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rate anticipates the actual air flow rate by up to 
. 025 sec. ' This is not likely to be very significant 
in engine cycle synthesis calculations. 
Under pulsating flow conditions, the measured turbine 
mass flow rate which followed the turbine inlet 
pressure pattern was out of phase with that predicted 
theoretically by around 0.005 sec. This is to be 
expected because the flow rate is calculated at the 
turbine inlet and measured at the orifice plate whicfi 
is 2k metres downstream from the turbine. Figs (7.55) 
to (7.57) showed the variation of the transient turbine 
mass flow rate under different conditions, at the 
beginning, at the middle and at the end of the 
transient operation. 
7.3 GENERAL DISCUSSION 
The first series of results, Test Series I, were not 
satisfactory, but in Test Serkes II: 
(a) the errors observed are within those antici 
pated in section (7.2.4) and are well within 
those generally expected when the quasi-steady 
method is used to predict pulsating flow 
parameters from steady flow data. Therefore, 
the methods of calculation used can be regarded 
as satisfactory. I 
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(b) As there is a tendency for the compressor 
air flow rate to be overestimated the computed 
air flow rate should be reduced by (say) 5% 
when carrying out transient engine performance 
calculations. 
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CHAPTER EIGHT 
CONCLUSIONS 
1) Three computer programs to predict the 
transient performance of the turbocharger 
were developed. Comparisons between the 
experimental results and the theoretical 
predictions showed that two of the three 
programs, NON PULSATING and PULSATING2 gave 
reasonable accurate results to determine the 
transient response performanceof the turbo- 
charger under both pulsating and non-pulsating 
flow conditions. The three programs could be 
run for any values of engine outlet temp- 
erature and pressure as long as the turbo- 
charger characteristics were within the range 
of operation. 
The programs assumed that the turbine and 
compressor operated during the transient in a 
quasi-steady manner. That is the steady 
characteristics applied instantaneously at all 
, 
times. The correlation between the predicted 
and measured performances was sufficiently good 
to justify using the quasi-steady theory. a 
221 
3) The programs can be used to obtain engine- 
turbocharger characteristics during the 
transient. The optimum performance of engine- 
turbocharger combination can then be evaluated. 
4) As the compressor air mass flow rate is 
generally overestimated, the computed air flow 
should be reduced slightly in engine transient 
calculations. 
5) The extension of the turbine and compressor 
steady state characteristics does not appear 
to introduce significant error. 
6) The duration of the transient increased as 
the range of pressure was increased. The 
transient time varied from 0.5 seconds to 
1.5 seconds. 
7) The permitted error in the iteration process, 
which was used in*the Computer programs, was 
not critical. 
I 
CHAPTER NINE 
RECOHI-IENDATIONS FOR FUTURE WORK 
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CHAPTER NINE 
RECOYMENDATIONS FOR FUTURE WORK 
The experimental rig could be improved by 
mechanising data storage during the transient 
by using the computer or a tape recorder to 
store the data for subsequent analysis instead 
of using a UV recorder. 
The experimental programme could be extended 
by 
i) carrying out transients at elevated 
temperatures; 
ii) finding the effect of turbine casing 
and blade design on the transient; 
iii) carrying Out transients at lower and 
higher than pulse rates used. 
3) The model used in the calculations could be 
improved by including variable specific heats 
to improve the accuracy at elevated temperatures. 
I 
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APPENIDIX RIE: 
UNSTEADY FLOW DISCHARGE COEFFICIENT 
FOR ORIFICE PLATE 
m 
ni 
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(a) 
Pi I- I 
ci P OT F -,, P-o- T 
INCIDENT \A/AVE 
Pi 
Pn 
cr 
-1po 
WAVE OIAGRAM (DURING SUPERPOSITION 
Cc) 
EDHOCIC TUSE %fVAVr-- 
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Substituting equations (82) and (83) into equation (80), ' 
(Y+l) 
6c 2y 6P (84) 
P 
P0a00 
Integrating between PO and P 
P P 
c10 Pf 
(-ý-) dP 
P0a000 
P 
0 2y T 2y_ x (ý7) 100.. (85) 
a, P, * Y-1 
-0 
When P=P the particle velocity c will equal zero, 0 
Co =0 
0 
Y-1 
p0 2y 2y 
C=-p (8 
. 
6) 
a OPO Y-1 0 
but 
a02= 
yp 0 (87) 
PO 
Substituting equation (87) into equation (86), 
C20 (P ) 2y (88) 
Y-1 P0 
This, is a part--icle velocity equation of a non-steep wave. 
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Consider two non-steep waves propagating towards each other 
through air having absolute pressure and acoustic velocity 
P0 and a0 respectively. Let the ar. plitude ratios of the 
P. P 
two waves be P -21 and Pr and the corresponding particle 
00 
velocitv be-c i and cr respectively, and the resulted wave c n' 
from equati. on-(88), 
p Y-1 20 (P 2*f (89) 
Y-1 0 
Y-1 
2aPr 2y (90) 
Y-1 
p0 
p0 Y-1 
cn0pn)2 (91) 
Y-1 
but 
c C. -c (92) 10 
Substituting equations (89), (90) and (91) into equation 
(92), 
Y-1 Y-1 Y-1 
P 2y P. 2y P 
r) 
2y 
(-R) ( 1) 
p0p0p0 
Let 
p Y-1 
(P n) 2y 
0 
(93) 
0 
.*.. (94) 
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Y-1 
i) 2y 
x 
0 
p Y-1 
(__I: ) 2Yx 
p0r 
Icr 
.... 
0... (96) 
Substituting equations (94), (95), and (96) into equation 
(93), 
Xn ý-- xi + Xr -1- .000 (97) 
Similarly, consider the propagation of the wave of ampli- 
P 
tude ratio --R Anto gas already under the influence of a PO P. 
wave of amplitude ratio I PO 
P Y-1 
cn .-C12 
(P n)2Y (98) 
Y-1 I 
Substituting equation (89) into equation (98) and re- 
arranging, 
[(Piy-l Y-1 
2y 2 n) 2y 
p0 
Y-1 
p 
[(Pl 
(99) 
I 
Assuming the flow to be isentropic, 
P. Y-1 
aa (___I) 
2y (100) 
0p0 
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Let 
c 
n 
a0 Yn 0... 
Then substituting equations (100), (101) into equation (99), 
2 Xn 
Y-1 
Assuming that 'y = 1.41 
5 (2 xn- 1) 0 
WAVE ACTION IN THE ORIFICE PLATE 
.00. (102) . 
*.. 0 (103) 
The flow through the orifice plate during the period of . 
wave superposition following the arrival of the wave at the 
orifice plate is assumed to be isentropic, one dimensional 
and quasi-steady. The makimum incident wave amplitudes to be 
considered are those giving sonic flow when the pressure at 
exit from the orifice plate is atmospheric. Referring to 
Fig (Al. 1c), 'which shows the wave diagram during the quasi- 
steady flow period, and applying the equations of energy 
and mass continuity between station n in the pipe, immediately 
upstream of the orifice plate, and station t immediately 
234 
downstream from the orifice plate, 
c2C2 
CpTn+=. CPT t* +t0.0 . (104) 22 
Let 
ct 
at (105) 
Theii'substitdting equations (101) and (105) into equation 
(104), 
CT I)c T 
-P-----n +. 
2pt+y2 
(106) 
a2 
Yn 2t 
but 
pnPnRTn (107) 
pt Pt R Tt (108) 
and 
cp YR (109) 
Y-1 
Substituting equations (87), (107) and (109) into 
equation (106) 
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pnpt 
0+y2= 
_2 
p0 
0* 0 
y-1 pn Y-1 pt 
PO ýp 0 
As the flow is assumed to be isentropic 
pnP 
n) 
y 
p0p0 
ptp 
(-, ) (112) 
-P 0p0 
Substituting equatiops (111) and (112) into equation (110), 
Y-1 Y-1 
2pn 2y 22P 2y 2 
.()+y- (1) +y (113) 
Y-1 p0n Y-1 
p0t 
Let 
Y-1 
(pt ) 
2Y 
x p0t .. 0. 
Substituting equations (94). and (114) into equation (113), 
and assuming Y=1.4, . 
2222 
5X 
n+yn5Xt+ yt 
The continuity equation gives 
ncnAnptctAt 
0.. 6 
*. 0* 
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Substituting equations (111) and (112) into (116), 
1 
pypy 
n-cAP (Lt) c 11 90 pnnoPtt* 
ýý00 I 
Let 
Y-1 
Pt 2y 
(F-) =xt 
0 
0.0. 
Then substituting equations (54) and (118) into equation 
(117), 
Yn 
(A t) (gt 
ytAnxn 
Let t the effectivearea ratio, then-for*y= 1.4,, An "'e 
y5 
yn. 
ý=m (xt) .0.. (120) texn 
If the flow at the orifice plate is subsonic, then 
pt =p0 and Xt = 1. 
Equations (115) and (120) become, 
22+2 
5xn+yn5 yt 
Yn 
.me. 
Yt x5 
n 
.e0. 
*0*. (122) 
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If the flow at the orifice plate is sonic, then the 
Mach number at the throat. is equalll,,, and yt, = 1. 
Equation (1151 and (120) then become 
5X2+ Y2 6 nn 
m 
e Yn 5 x 
n 
DISCHARGE COEFFICIENTS 
.0.. (123) 
(124) 
The discharge coefficient is calculated-by measuring 
X, and X-. -(equations (94) and (95) ), calculating y nIn 
using equation (103), and evaluating yt using equation 
(115), so that the effective area ratio me may be 
calculated from equation (120). The discharge 
coefficient can then be obtained by dividing the 
effective area me by the geometric area m 
Cdp = (125) 
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As mentioned in section 4.2, standard BS 1042 
(30) 
orifice plates with corner tappings were used to 
measure the mass flow rates through the turbine and- 
compressor under the transient operation. A record 
of the variation of the upstream pressure'and 
temperature as well as the pressure drop across the 
orifice plate was obtained from the-UV recorder. 
USing'these recorded values with the-transient coeff- 
icient of discharge and applying the appropriate 
relationship the mass flow through the orifice plate 
was calculated as follows: 
Applying the energy equation between the pipe (e) 
and the throat (a) gives 
c 
'+ (126) 
c2Tc2 
ea+a (127) 
-fc T -T 2C T 
paepe 
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Applying the continuity equation between (e) and Ca) 
eFece Pa 
Faca 
paFaca 
c (128) epeFe 
Substituting for ce from equation (-1281 into equation 
(127) gives 
p2F2c2T2 
(, a) 
F 
a) 
2C 
aTTa+ 
2C T 
(129) 
Pe epeepa 
The isentropic relations are 
p P. y 
a a) (130) 
Pe 
e 
T 
Tap 
a) 
e 
Substituting 
. 
for 
Pa 
and 
Ta 
from equations (130) and Pe Te Pa Ta 
(131) into equation (129) to eliminate T-e and Te 
222 Y-1 2 
+( a) a) ay+e (132) peF 2C Tp 2C T 
solving (132) for ca 
p Y- 
2C T a) y 
e 
Ca22 
F 
pF 
a) L "ae) 
e 
0.00 (133) 
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since 
ih =acaFa *o*. (134) 
p 
e Pe RT 
Y 
Y-1 
&*9. (135) 
9*. o (136) 
Substituting equations (130), (133), (135) and (136) 
into equation (134) gives 
pF21 (Pa ) 
yy Pa)y 
1 RT e a' 
[- 
Te Pe Pe 
(137) 
(-': 
'a) yFa 
Pe e 
Correcting equation (13 7) for the discharge 
coefficient, the mass flow rate is given by 
Y+l p2 
Cdp PF (Pa) y a) y 
e RT e Pe 
Pe 
(138) 
2F2 
y (--A) 
Pe Fe 
t 
S 
I 
I-CD 
CD-9 
O-B 
CD-7, 
O-B 
(I 
0 
C305 
0-4 
0,3 
CD-2 
0.1 
CD 
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1-0 1-2 1-4 1,6 I-B 2-0 2-2 R-4 2-6 2 o'c-3 Pr") 
Fý 
f ig,. (A4.2) 
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APPENDIX TWO 
MEASURING MASS FLOIH RATE 
BY BS 1042 
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APPENDIX 2 
MEASURING MASS FLOIJ RATE BY BSJOL19 
The British Standard method for calculating the mass flow 
rate through an orifice plate or a nozzle is explained in 
(27) detail in BS1042 The equations used are presented belov, 
with a brief explanation of the various factors. 
2 vhp W 0.01252 CZCEd 
where 
W mass flow rate 
C basic coefficient 
Z correction factor which is the product of 
ZR and ZD where ZR is'Reynolds number 
correction factor and ZD is pipe size 
correction factor 
C expansibility factor 
E velocity of approach faster 
12 
where 
, /l-M 
m _plate_ 
orifice or throat area 
. pipe area 
diameter of the orifice plate or throat 
(128) 
units 
kg/h 
h the difference between pressures at the 
upstream and downstream pressure tappings 
P density of the fluid at the upstream 
pressure tapping . 
rmn 
mm 11 20 
kg/m 3 
All the above factors zire to be obtained from tables and 
graphs shown in BS1042 
(30) 
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APPENDIX 2 
MEASURING MASS FLOIJ RATE BY BS1049 
The British Standard method for calculating the mass flow 
rate through an orifice plate or a nozzle is explained in 
(27) detail in BS1042 The equations used are presented belov7 
with a brief explanation of the various factors. 
W 0.01252 CZcEd 
2vhp (128) 
where units 
W mass flow rate kg/h 
C basic coefficient 
Z correction factor which is the product of 
ZR and ZD where ZR is*Reynolds number 
corrcction factor and ZD is pipe size 
correction factor 
C expansibility factor 
E velocity of approach faster 
1- 
where 
V/1-M 
2 
orifice plate. or throat area 
. pipe area 
d diameter of the orificc 
h the difference between 
upstream and downstream 
P density of the fluid at 
pressure tapping . 
plate or throat MM 
oressures at the 
pressure tappings mm 11 20 
the upstream kg/m 
3 
All the above factors are to be obtained from tables and 
graphs shown in BS1042 
Iý 
1; APPENDIX THREE 
TURBINE AND COMPRESSOR STEADY 
STATE CHARACTERISTICS 
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APPENDIX 3 
TURBINE AND COMPRESSOR STEADY STATE CHARACTERISTICS 
As the turbocharger manufacturers (Allolset Engineering Com- 
pany) could not supply turbine characteristics and the 
available compressor characteristics were very limited, an 
(291 
experimental data obtained by Stockton to derive the 
ressor under cold con- characteristics of the turbine and compA 
ditions was used. In order to present this data in a suit- 
able form for the computer programs of this thesis, the fol- 
lowing points were observed:, 
(1) It was found that the-re was a little change in turbine 
inlet temperature T3 for each turbocharger speed. Thus, 
it was assumed that the change could be neglected and 
average T3 was taken to find the dimensionless speed para- 
N 
meter 7T3 In addition, the small change in the turbine 
-ed. Hence, speed during a constant speed test was neglect 
N 
parameter was regarded as constant for calculation VT3 
at a particular speed. 
(2) Turbine mass flow parameter was presented in the form 
0 
of normal pseudo non-dimensional parameter 
t3 
and P3 
was presented as a function of pressure ratio. 
(3) The experimental characteristics have been extended to 
covOr the greater range of operation expected during the 
244 
transient flow tests. The standard shape of performance 
curves of radial turbine and compressor have been assumed 
for this purpose, the extended characteristics being 
shown by dotted curves, and the original characteristics 
by full. -; -irves. The turbine and compressor characteristics 
were plotted as shown in Figs 6.3) , (6.4 (6.5) , and 
(A3.1) 
t 
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11 
APPENDIX 1.1 
COMPRESSOR LOADING' NOZZLE MASS FLOý,. l RATE 
-in order to evaluate the MaS5 
fjOt4 rate Lhrough the compressor/ 
a ndZzle was Oesigned, Piq (3.3) , 2-nd then fitLed at the com- 
pre5sor outlet to represent the engine. Poy assuming that the 
nozzle downstream pressure was constant, the nozzle mass flow 
rate through the nozzle could be calculated from the nozzle 
inlet conditions. The pressure change from the compressor 
outlet to the nozzle inlet was found to be. very small and by 
assuming adiabatic flow, the compressor outlet conditions 
could be considered to be the same as the nozzle inlet condi- 
tions. A characteristic curve was drawn for the nozzle so 
that the mass flow rate through the nozzle could be predicted 
readily. To enable the characteristic curve to be used for 
varying supply conditions,. the supply pressure was plotted 
I; z against mass flow parameter This characteristic curve, P22 
Fig (M. I)., was constructed as follows: 
Part AB-BS1042, Clause 78, was used to calculate the mass 
flow parameter for a pressure differential of up to 1.2 
bar. 
Part CD-BS1042, Clauses 50 and 62, were used to calculate 
the mass flow parameter when the pressure ratio was 
greater than the critical pressure ratio which is 1.8. 
247 ý 
(c) Part BC - The characteristics for Sections AB and CD 
were joined by a smooth curve as no datawas availzible 
for this section of the characteristic. 
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APPENDIX 5 
LAGRANGE INTERPOLATION 
A polynomial of degree n can be fitted exactly through n+1 
y 
x 
data points (x oryo), 
(Xlryý, ), (x 2'y2)1 ....... (Xnlyn ) and this 
may be written 
(x-x 1) (x-x 2)''"(X-xn) (x-x 0 
HX-x 2)... (x-x n) YO +--v 
(x 
o- x 1) 
(X0- x 2) ----- (xn-xn) (x i- x 0) 
(xi- x2)... (x i- x n)- 
1 
9.0 ............. 
0 Yn ' (xn- XO)(xn-x 1) ... (xn-xn-1) 
Therefore, an interpolated value of y can be. found directly 
for a given value of x. This Lagrange polynomial was used to 
fit-a curve through three points (quadratic fit) and find the 
250 
interpolated value of y for a given value of x as follows: 
(x-x 1) (x-x 2) 
(x-x 
0) 
(x- x 2) 
(x-x 
0) 
(x-x 1) 
y=y0+-11+ y2 
(x 
o-x 1) 
(X0- x 2) (x 1 -x 0) 
(x 1 -x 2) (x 2- x o) 
(X2- x1) 
I 
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APPENDIX 6 
SUBROUTINES 
A6.1 SUBROUTINE TSCHAR 
When N= j_., the subroutine used Method B described in Section 
N (6.7-2) to find the turbine speed parameter -/T- from the known 
ýn 
t 
VT 33 turbine mass flow parameter, P3 and the turbine pressure P3 
ratio P4 , Fig 
(4.3). The special nomenclature for this case 
is as follows: 
AMFP 
t3 
P3 
P3XN 
3 
P4 
ANSWER 
N 
VT 
3 
NN Number of speed curves 
NP Number of data points on each-speed curve 
When N=2, the subroutine used mothod A explained in Section 
(6.7.1) to find turbine pressure ratio 
P3 
from the known tur- 
0P mt VT 34 bine mass flow parameter id the turbine speed parameter 
NP3 
TTT3* The special nomenclature for this case is as follows: 
AMFP t 
VT 
p3 
P3XN N VT 3 
p 
ANSWER __a p4 
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NN Illaraber of speed curves 
NP Number of data points on each speed curve ;t VT 
3 
DXA Points on new speed curve for P3 
P3 
DXP Points on now speed curve for P 
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A6.2 SUBROUTINE TEFFCII 
This subroutine used Method A described in section (6.7.1) 
to find the turbine effi-ciency nt from a given turbine pres- 
3e N 
sure ratio and turbine speed parameter 7, 
-P-,,, 
Fig 1ý4 3 
The special nomenclature for this subroutine was as follows: 
AND N 
VT 
P3D 
3 
p4 
ANSWER . TI t 
ýNN number of speed curves 
NP number of data points on each speed curve 
DXP points on new speed curve for pressure ratio 
P3 
P4 
DXT points on new speed curve for efficiency nt 
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A6.3 SUBROUTINE CCHAR 
When N=1, this subroutine was used to find the compressor 
initial mass flow rate in order to start, the calculations. 
When N=2., the subroutine used Method A explained in secticn 
P 
(6.7.1) to find the compressor pressure ratio `ý-l and the 
, compressor effi. ciency, n c 
from a given compressor mass flow 
rate ;c and the compressor speed N. The special nomencl. ature 
for this subroutine was as follows: 
AMA ýn C, compressor mass 
flow rate 
CSPED N, compressor speed 
. 
ANSE , compressor 
PC 
ANSP 2, compressor P, 
NN number of speel 
NP number of data 
efficiency 
pressure ratio 
d curves 
points on each speed curve 
DXP points on new speed curve for pressure ratio 
P2 
P1 
DXE points on new speed curve for efficiency nc 
DXA points on new speed curve for mass flow rate 
;c9 
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I 
A6.4 SUBROUTINE PIPES 
'mptying method explained This subroutine used the Filling and E 
in section (6-. 5) to predict the flow in the exhaust system. 
The special nomenclature for this subroutine was as follows: 
MS (m initial mass of gas in thq exhaust system s n 
MV mv, mass flow rate through the pulse generator 
valve 
MVA ;nv, actual mass flow rate entering the exhaust 
system through the three pulse generator valves 
MSN (m ), mass of gas in the exhaust system after s n+l 
a time step 
P3NPl (P ), exhaust system pressure after a time 3 
n+l 
step 
T3NP1 (T 3) exhaust system temperature after a 
n+l 
time step 
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A6.5 SUBROUTINE CFTINT 
This subroutine was used to fit a quadratic curve through a 
set of date points with known X-axis and Y-axis parameters. 
It used the r, aýrange interpolation method (see Appendix 5) to 
find the X-axis parameter for a point with known Y-axis para- 
meter or vice-. versa. 
This subroutine was used under two conditions: 
m 
To find compressor loading nozzle mass flow parameter 
z 
P2 
for a given nozzle supply pressure P see Fig (5.9). 2' 
This special nomenclature for this c6se was as follows: 
M. 
cTz 
2ý, 
the required nozzle mass flow parameter 
x array of input pressure data points 
array of input mass flow parameter data points 
N number of data points- 
FOP actual nozzle supply pressure. 
(2) To find the pulse generator valve coefficient of discharge 
for a given valve opening area, rig (5.5 The nomen- 
clature for this-case was as follows: 
C Cd,, the required coefficient of discharge of 
the valve 
I array of input valve opening areas 
array of input valve coefficient of dischargeý 
number of data points 
POP pulse generator valve coefficient of discharge. 
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A6.6 SUBROUTINE VAREA 
This subroutine was used to fit three cur, 
sets of data points with known X-axis and 
It used the Lagrange interpolation method 
parameter from a known X-axis parameter. 
written to find the pulse generator valve 
given time, Fig (5.5 ). The nomenclature 
ves through three 
Y-axis parameters. 
to find the Y-axis 
This subroutine was 
opening area at a 
was as follows: 
PSI opening area required at a given time 
x array of time data points 
Y array of valve opening area data points 
N number of data points 
EX the given time 
L number of pulse generator valves 
-TCYCLE time required for one complete valve opening 
cycle 
i 
6 
APPENDIX SEVEN 
FLOW CHARTS 
PIROGRAM NON-PULSATIMC- 258 
SECTION-(6-3) 
READ AND PRINT 
TURBINE ESSOR 
., 
COi'P. I?,, SSOi'? AND CCA', ýPPtO 
LOADING NOZ, ", 'LE CHARACTERISTICS AAID 
PROGFAM CONSTANTS 
READ AND PRINT 
PRESSURE RATIO AND TE1,1ZIERATURE 
DURING THE TRAjVSIL,, P! T 
INITIALISE PROGRAI-I VARIABLES 
HAS 
THE TRANSIENT 
STARTED? YES 
NO 
PRINT CURRENT REMUS 
HAS 
NO 
0, 
THE EAT 
OF THE TRA NSIE 
T114E BEEN 
REA CHEW 
Ir 
4 3.71's CALCULATE TURBOCHARGER BEARING POWER 
LOSS AND THE MECHANICAL EFFICIENCY 
SITOP 
CALCULATE TURBINE EXHAUST SYSTEM r PRESSURE DROP AND TURBINE OUTLET 
PRESSURE 
I 
F 
RECOVER THE VALUE OF T-TtlE AND 
COP, RESPONDI 1-. 'G TUI? j, '. Tt, '; 7, ' ITFISSURE' 
T TET - T. Or., -RAYS I? A2 10 A AID TEM M TURE r1 AR 
CALL TSCHARM. TO INITIALISE TURBINE 
MASS FLDW RATE 
CALCULATE TURBINE MASS FLOW 
PARAMETER 
#aI 
. 
CALL TSCHAR 
TO FIND- TURBME SPEED PARAMETER- 
AT GIVEN PRESSURE RATIO AND 
CURRENT MSS FLOW PARVETER 
CALCULATE COMPRESSOR SPEED FRO14 
TURBINE SPEED PARAMIETER 
CALL TEFFCH 
TO FI, "ID TURBINE EFFICIENCY AT 
GIVEN PRESSURE RATIO AND CURRENT 
SPEED PARAMETER 
CALCULATE TURBINE POWER., EQUATIOll 
(64) 
CALL CCHAI? 
TO F11.7D INITIAL VALUE FOR C0,11PRES- 
SIBLE '-fASS FLOW RATE 
(1 
(IiT' 
17 
STORE COt"ll"RESSOR WISS PLO. W 
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l' 
B 
CALL CCIIAR 
PPT-, 'SSOR RATIO TO FIND CG,,,, E 
AND EFFICIENCY AT CURREh'T SP-MFI) 
AND WSS FLO. W RATE 
CA Li%.. 'CULATE COM'PRESSOR OUnr,, 'T 
PRESSURE 
CALL CFTINT 
ý'O FIND COMPRESSOR LOADING NOZZLE 
AIAISS FLOW PAVl4ETER 
,I 
CALCULATE COVPRESSOR ACTUAL OUTLET 
TEMPERATURE, EQUATION (57) 
CALCULATE AIR DENSITY AT Tj)7ý, ' COM- 
PRESSOR- OUTL&', 'T, EQUATIOil (58) 
CALCULATE COMPRESSOR AMSS FLOTI R4TE 
is 
No COMPRESSOR 
PMSS FLO. 1-1 R4.,, "E 
; WITHIN THE REQUIRED 
ACCURACY? 
I 
YES 
CALCULATE COLTMESSOR T-1011-0?., 
EQUATIO! V (59) 
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CALCLIT, A. ', -L-' ACTUAL TUI? Bl', ',, 'E OUTLE7 
TEMP ERA TUPE 
1If\_ 
- 
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is 
THE TRANSIENT YES 
TAKING PLACE? 
' 
>- 
is 
TURBINE 
ITERATE WITH A POWER AND COMJPRES- 
SOR NEW VALUE OF 
/11 
POWER SATISFYIN'T\G NO NO 
EQUAý 
TURBINE AMSS TURBOCHARGER COMPATIBILITY 
-1 RA TE FM EQUATION AT STEADY CONDITION? 
I 
( 
I. 
262 
is 
THE 
/C 
LCU, 'jA'L"ED TURBINE 
MWER EQUATIOlfýl 
5! A.,, VD EVALUATED TUPOTNE (62) ITEMATF, WITY PO WE 1, Ep., EQUATION (54) ITE A PE. T; VALUE OF 
TURBINE IIASS WITHIIII TIJE REQUIRED ACCURACY? 
FLOW RATE 
- 0, 
SET TUI? BOC'HAIc? CER S. TEPADY STVITE 
CONDITION 
I 
II SET END OF COMPUTATION REQUIRED 
YES 
t'l T Tjol I0111 
ei 
END 
p P, 0 '. P LJLSATII- It 
SECTION (6.4.. l) 
READ AND PRINT 
TURBII! E, COMPRESSOR AND COM-PPESSOR 
LOADING NOZZLE CHARACTERISTICS. 
PROGRAM CONSTALTS., TRAYSIEI-iT INI- 
TIAL APID FINAL CONDIT10, YS. ) PULSE 
GENERATOR VALVE COEFFICIEPITS OF DIS 
CHARGE AND VALVES OPENIPG AREAS 
INITIALISE PROGRAM VARIABLES 
HýAs 
THE TPA NSIEITT 
SsT TARTED? 
NO 
', '6 3 
PRINT 
CURRENT RESULTS 
8A S 
THE END 
OF TRANSIENT YES I 
TIME BEEN REACHED? 
NO 
IjUCREASE TIME BY A SMALL 
TIME INTERVAL (At) 
I 
CALL PIPES TO FIND PRES- 
SJRL' AND TFW-PERATURE 
AFJ'-'P,, R A TIME STEP 
STOP 
D D 
S- pro! ý,, pIR CULA TE TUR' !, A 0 A- 
f-I AND PRE, '., S, YRT, ' rj,, ý, Tr Eli' lo 
OA 
II 
CALL T-5671111', 
TO FIND 9'URBI,,, IIE SPEED PARAMETIEW 
CALCULATE COMPRESSOR SPEED FROM 
TURBINE SPEED PAPMANTER 
CALL TEFFCII 
TO FIND TURBINE EFFICIENCY 
CALCULAITE TURBINE POWER. EQUATION 
ý4) 
CALL CCIIAR 
TO FIND lNITIAL VALUE FOR COAIPRES- 
SOR MASS FLOW RATE 
I STORE COMPRESSOR MASS FLOW RATE 
CALL CCHAR 
TO FIND C014PRESSOR PRESSURE RA TIO 
AND EFFICIEA7CY 
CALCULATE COMPRESSOR OUTLET 
PRESSURE 
CA LL CFTIPIT 
TO FIIID COMPRESSOR LOADING NOZZLE 
11-11ASS 
FLO, '-, ' PARAMETER 
CALCULAIL. "E COIPRESSOR ACTUAL OUTLET 
TEAIPERATURE, EQUATION (57) 
CALCULATE AIR DEtv'Silly 42, Coq- 
PFESSOR OUTLET, FOý. ýj,, Tjojj 
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CALCULATE COMPRESSOR MASS PLCW 
RATE 
EL 
NO 
IS, 
COMPRESSOR 
MOSS FLOIW RATE 
WITHIN THE REQUIRED 
A CORA CY.; ' 
ol 
YES 
CALCULATE CONTRESSOR POTER., 
EQUATION (59) 
CALCULATE TURBINE ACTUAL OUTL, 'rl Y 
TE, 'v, '-PERA TURE 
ARE 
TURBINE POWER R 
NO AND COMPRESSOR POWER SATISFYING TURBOCHARGER CX1- 
PATIBILITY EQUATION AT STEADY- 
CONDITION? 
YES 
is 
NO THE TRANSIENT 
TAJUNG PLACE? 
TURBINE POWER 
r. IER , SSOR PO, ANTO AND COMPRE SATISFYING TURBOCHARGER CX1- 
TIBILITY EQUATION AT STEADY- 
CONDITION? 
265 
J i68 
INCREASE TURBOCHAIRGER SPEED BY A 
SIMLL . 41.10UNT 
CALCULATE AIEW TURZ31AIR SPEED 
PARN. IETER. 
( 
IF 
H 
I 
G CALT, TSCIIAR 
TO FIND TURBINE PRI'I'SSURE RATIO AT 
THE IIEW SPEED 
CALL 
TO FIRD TURBINE EITICIENCY 
CALCULATE TURBINE POMER., EQUATION 
ý 54) 
CALCULATE CUITRESSOR MASS FLOW 
RATE, EQUATION (63) 
CALL CCHAR 
TO FIAT COMPRESSOR PRESSURE RATIO 
AND EFFICIVICY 
CALCULATE COMPRESS'OR Popp,,, R., 
EQUATION (59 ) 
CALCULATE TURBOCHARGER. SPEED AT 
THIS POINT DURI17G THE TRANSIENT, 
EQUATION (64) 
ITERATE IS ' 
T-, IITH THE THE 
CALCUL- 2" .v 
71 CALCULA 
AT-ED - 170 l'U!? BOCIY. PGT, 'Pi Iý 
TUPBO- r) D ýirvmv Tim, T 
-R 7GE CHAt P_ ul REQUIRED AC- 
SPEED cu cu CURACY? 
A YES 
CALCULATE A CTUAL TUITBIPE AIN) CO; ',, - 
1 
PRESSOR OUTLET TF. 1.121-. -RATURES P 
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PROGRAM PULSATING 2 267 
- SEC. TIOAT (6.4.2)- 
READ AND PRIN'T TUj"tBlt, 'E COMPRESSOR 
& NOZZLE "HARACTERIS, "'ICS A, ý[, ' 
PROGRAM CONSTAPITS 
READ AND PRIAIT 
TURBINE PRESSUPE IM770,217EMPER- 
ATURE AND TURBO. SPEED DURIPIG 
THE TPu4lVSIE[iT 
INITIALISE PROGRAM VARIABLES 
HAS 
THE TRAIISIENT YES 
S TA Ff 
-TE D? 
PRINT CUPRENT RESULTS 
NO 
IIA S 
NO THE VID OF 
-"Iým '-' THE TIMSIENT 
ME BEEN 
REACHED? 
YES 
RECOVER THE VALUE OF TIME AND I CSTO 
CORRESPONDILIG TURB1,111, IS' PRPSSURE 
RATIO., TEIP, ERATVRE Ai`, 0 TURBO -SPE-PD 
iq=ý-. TSCHARMTO FIND TURBINE MASS 
FLOW PARAMETER 
CALL TEFFCH TO FIND TURBINE 
EFIFICIENCY AT CURRENT TURBINE PRESS 
URE RATIO AND TURBINE SPEED 
/ oo 
CALCULATE TURBXNE OUTLET 
TEMPERATURE 
OSS CALCULATE TURB. BEARING POWER L3ý9 
AND MECH. EFFICIENCY 
CALCULATE TURBINE EXHAUST SYSTEM 
PRESSURE DRbP AND TURBINE OUTLET 
CALL TSCIIAR 
TO EVALUAIIT TURBILT SPEED PARA- 
METER AT PRESSURE RATIO 
AND MASS FLOW PARAMETEI? 
CALL TEFFCH 
TO FIND TURBINE EFFICIENCY AT THE 
TURBIVE PRESSURE RATIO AVD TUR- 
BINE SPEED PARNFETER 
CALCULATE `("URBLVE STEADY POWER, 
EQUATION (54) 
CALCULATE COMPRESSOR SPEED FROM 
TURBINE SPEED PARAMETER 
CALL CCIIAR 
TO FIND INITIAL VALUE OF. C0,, %'PRESSOR 
IMSS FLOW R4TE 
STORE COMPRIESSOR M4SS FLOW P, 4TL, ' 
CA LL CCHA R 
TO FIND COI--ý-PRESSOR PRESSUtE RATIO 
'AND F,. PFI(, IE, 7CY AT CURAPERT SPEED AND MASS FLOW RA"PE 
26A 
CALCULATE COMPRESSOR-OUTLET 
PRESSURE 
I 
CALL FCTINT TO FIND COMPRESSOR 269 
LOADING NOZZLE MASS FLOW PARAMETER 
CALCULATE COMPRESSOR ACTUAL OUTLET 
SUBROUTINE TSCHIll? 
DOES 
/V=l ? 
'ýýKO 
YES 
is 
,,,, 
ýINPUT 
SPEED 
WITHIN RANGE OF TURBINE NO 
CHARACTERISTIC CURVES ? 
I YES 
FIND THE TWO SUCCESSIVE, SPEED 
CURVES EITHER SIDE OF THE 
INPUT SPEED PARAMETER 
FIND THE FOUR POINTS SURROUND- 
ING THE INPUT POINT, TWO 
POINTS ON EACH OF THE TWO 
SUCCESSIVE SPEED CURVES 
USE INTERPOLATION METHOD A FOR 
MASS FLOW PARAMETER AND PRES- 
SURE RATIO, CONSTRUCT AN EXTRA 
SPEED LINE CCRRESPONDIRG TO 
THE INPUT SPEED PARAPIjETER 
ARE 
THERE TWO 
POINTS ON NEW SPEED 
LINE., BETWEEN WHICH INPUT 
SS FLOW PARAMETER 
LIES? 
YES 
USE LINEAR INTERPOLATION To 
CALCULATE PRESSURE RATIO-CORRE- 
SPONDIVG TO INPUT AJASS FLOW 
PARAM, 13TER 
270 
PRINT ERROR MESSAGE 
AND SET INPUT SPEED 
PARAMETER TO MIXIAIU14 
OR MINIMUMOF RANGE 
NO 
SET APPROXIMATION 
FORTRESSURE RATIO 
PRINT 
ERROR MESSAGE 
("'-RETURN 
RE, TURN 
271 
is 
INPUT MASS 
11 Fj'-lOW PARAMETER WITHIN 
RANGE OF TURBINE MASSS 
TIA RA CTERISTICS 
YES 
FRID THE FOUR POINTS SURROUND- 
ING THE INPUT POINT ON THE TWO 
SUCCES. F'VE SPEED DATA SETS 
EITHER SIDE THE GIVEN POINT 
NO 
PRINT ERROR MESSAGE & 
SET SPEED IMRAMETER 
RETURN 
FIT QUADRATIC CURVE THROUGH 
THE TWO POINTS WITH THEIR PRE- 
VIOUS POINT ON THE FIRST SPEED 
DATA SET, ALSO FIT QUADRATIC 
CURVE THROUGH THE TWO POINTS 
WITH THEIR PREVIOUS POINT ON 
THE SECOND SPEED DATA SET 
USE LAGRANGE INTERPOLATION TO 
EVALUATE THE PRESSURE 1ý4 TIOS 
FOR TWO POINTS ON THE TWO 
QUADIMTIC' CURVE'S FOR THE 
GIVEN MASS FLOW PARAMETER 
(INTERPOLATION METHOD B), 
USE LINEAR INTERPOLATION BET- 
WEEN THE TWO EVALUATE, D POINTS 
ON THE QUADRATIC CURVES TO 
FIND THE SPEED PARAMETER FOR 
THE GIVEN MASS FLOW PARAMETER 
AND PRESSURE RATIO 
RETURN 
END 
SUBROUTME Tl,, 'FFCII 
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is 
INPUT SPEED 
IZPAR41,, 'F, TF, P. WIT117111 NO 
RANGE OF TURBINE [,, rFI- 
NCY CHARACTERISTIC CURVES? Z 
PRINT ERROR MESSAGE 
AND SET INPUT SPEED 
PARA14ETER TO IMMUM 
OR MIND-JUM OF RANGE 
YES 
FIND THE TWO SUCCESSIVE SPEED 
CURVES EITHER SIDE OF THE IN- 
PUT SPEED PARAIVETER 
FIND THE FOUR POINTS SURROUND- 
ING THE INPUT POINT, TWO 
POINTS ON EACH OF THE TWO 
SUCCESSIVE SPEED CURVES 
-USE INTERPOLMON METHOD'ATOR 
PRESSURE R4TIO AND EFFICIENCY, 
CONSTRUCT AN EXTRA SPEED LINE 
CORRESPONDING TO THE INM T 
SPEED PARAMETER 
z ARE ', N THERE TWO; 
POINTS ON NEW 
SPEED LINE BETPEEN NO 70 3 IV 
WHICH THE INPUT PRESSURE 
RATIO LIES? 
SET APPROXIMATION FOR 
EFFICIENCY 
YES I PRINT ERROR MESSAGE 
UES LINEAR INTERPOLATION, CAL- RETURN CULATE EFFICIENCY CORRESPONDING 
TO INPUT PRESSURl, ' RATIO 
RETURN 
END 
SUIRROUTINI'll CCII/ii? 
DOES 
N=l? 
> 
NO 
273 
YES CALCULATE AN INITIAL 
MASS FLOW RATE 
RETURN 
is 
INPUT SPEED WITHIN NO 
RANGE OF COMPRESSOR STEADY 
CHARACTERISTIC CURVES? 
YES 
FIND ME TWO SUCCESSIVE, SPEED 
CURVES EITHER SIDE OF THE INPUT 
SPEED PARAMETER 
FIND THE FOUR POINTS SURROUNDING 
THE INPUT POIA; T, TT-10 POINTS ON 
EACH OF TqE TWO SUCCESS 'IVE SPEED 
C ul? VE S 
USE INTERPOLATION METHOD A FOR 
PRESSURE RATIO3 EFFICIENCY AND 
MASS FLOW, CONSTRUCT AN EXTRA 
SPEED LINE CORRESPONDING TO THE 
INPUT SPEED 
ARE 
THERE TWO 
I SPEED LINE, BET , 
WEVI 
WHICH INPUT MASS FLOW RATE 
LIES? "I,, 
SET APPROXIMATIOi'l FOR 
EFFICIENCY ANO PRESSURE 
RATIO 
IYE, '_' 
USE 1, INEAR INTERPOLATION TO CAL- 
CULATE EFFICIE. NCY AND PRESSURE 
RATIO CORPESPOVDING TO INPUT MASS 
FLOW 
RETURN 
END 
NO 
PRINT ERROR MESSA GE 
AND SET INPUT SPEED 
PARAMETER TO MAXIMUM 
OR MINIMUM OF R4NGE 
PRINT 
ERROR AIESSA GE 
RETURN 
SUBROUTINE PIPE'S 274 
CALCULATE THE INITIAL MASS IN 
THE EXHAUST SYS9", ',; 'Al, EQUATION 
(73) 
CALL SUBROUTINE VAREA TO EIVAL- 
UATE PULSE GENERATOR VALVE 
OPENING AREA 
to 
CALL SUBROUTINE CFTINT TO EVAL- 
UATE PULSE GENERATOR COEFFIC- 
IENT OF DISCHARGE 
04 
CALCULATE MASS FLOW RATE ENIER- 
ING THE EXHAUST SYSTEM THROUGH 
THE VMTE 
CALCULATE THE TOPAL MASS FLOW 
RATE ENTERING THE EXHAUST 
I &SYSTEM FROM THE THREE VALVES., 
EQUATION (. 72) 
CALCULATE TY'YE MASS IN THE EX- 
IYAUST SYSTEM AFTER A2 'IME 
STEP, EQUATION (74) 
CALCULATE AND Tl,, 'I. IP- 
ERATURE LEAVING THE EXHAUST 
SYSTE14 AFTER A TIME STEP, 
EQUATION (7.6) AND (77) 
P, F" 71 Ull, 'Pl 
END 
SUBROUTIAIE VAREA 
is 
THE ELAPSED 
TINT LESS OR EQU-IL 
TO THE CYCLE TIME? 
YES 
FIND THE TWO DATA- POINTS 
EITHER SIDE THE GIVEN 
POINT ON THE THREE SETS 
OF DATA POIATS 
FIT A QUADRATIC CURVE 
THROUGH THIE3 TWO DATA 
POINTS AND THEIR PFE- 
CEDING POINT FOR THE 
THREE SETS OF POINTS 
USE LAGR411GE INTERPOLATION 
TO FIND THE VALVE 9PENING 
AREA AT THE ELAPSED TIME, 
FOR THE THREE VALVES 
RETURN 
NO 
275 
DEDUCT CYCLE TI14E 
FROM ELAPSED TI14E 
is 
NO 
THE RE- 
MINING TI14E LE. 
THAN OR EQUAL TO THYY 
THE CYCLE TIME, 
YES 
I 
END 
276 
SUBROUTINE CFTINT 
I is 
THE GIVEN 
POINT WITHIN 
THE RANGE OF INPUT NO 
DATA? 
NO ýPUT 
PRINT ERROR MESSAGE 
AND SET INPUT POINT 
TO MAXIMUM OR MINI- 
MUM OF RANGE 
YES 
FIND THE TWO DA TA POINTS 
EIMER qIDE THE Gl VEN POINT 
FIT QUADRATIC CURVE 
THROUGH THE TI-10 DATA POINTS 
AND THEIR PREVIOUS POINT 
USE LAGRANGE INTERpoLATION 
TO FIND THE Y-AXIS PARAýJETLTR 
FOR THE, GIVEN y-AXIS pAR4- 
METER 
RETURN 
END 
6 
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PFCGRAM NCN-PULSATING 
IM EN SI DN KA, '11FF( 35. p 11)s '<P2L F fl( 35-P 11) <NfýT, 3( 
I MENS I C-N XNC I I), <F( ýý5,1 1 1( 35,1 1) 
, ýpc*( P0, IIY, (: E( 20., 11 1) 1M EN Sl C-N Xcsc II)I 
1) 1 -M EN sir., N ýF2(2,9 AIr, 
1) 1M EN SI C'J' AMG T F- S T', ,3000 Aýl GSTC 10 0 
DUMENSI C,, %' TA. " ei) , IP( 4) P Tt*( 4) p Ti-( 4) * Tý-( 4) , TF( 4) 
REPL MEFF 
CC, M, MGNA', lTE/, ý,, N, XP, 1, T 
Crj-M, MON AM CC /4 C S), X AXF, CXCF 
CCivlMCN/MTP/ýPPl 4A-IG 
CO, A, MCN/TT) /Tl MEL( 1 000) Al(; L( 1000), ý12L, ý 0-4 1 DOD., T3u( 1000) POD( I COU) 
M TE( 2., 13 3) 
183 FCR, ', IAT( I ti I) 
REACC 1,530) (XN'rýT3( I11,, 11 
4RI TE( P, 530) 11=I, II 
CC, 21 J= I. II 
REAC( 1,50 5) CKANIFF-C I J) ,I=1,35) 
T4F? l TF( 2,5n 5) ( )(A'v)FF-'( I, J) I=I, 35) 
21. CC. NTl NUE 
cn pp J=Ijll 
REAU 1,50 5) ( KP3rPn( L., J) I= 
'4RI TE( P., 5()5) ( 0ý31'Ffl'll I J) I=1,35) 
?pC UN TINUE 
REAP, ( 1,530) ( XN( II 
M TE( 2,530) ( C\J( I )., I=I, II) 
CC' 31 J= I, II 
REAP, ( 11 59,9) 1, J) ,I=I, 35) 
WRI TF( P, 50 5) (, ýP( I, J) ,I=1,35) 31 CC, 'V'Tl N1 
- 
IF 
Cr, 32 J=I, II 
REAN lp 5D 5) ýT'f I, J) I=1 35) 
4RI TE( 2,50 5) ( KT( IJI=1,35) 
32 C CN TINUE 
REAN 1,5.40)(, )e, ('S( I ), I=I, 11) 
14 AI TF( P, 5 /1 n 
DO 41 J=1,11 
R EAC ( lp 500)(ý0(I J) ,i=I, p (ý ) 4RI TF: 2,5 P, nKAI, j 
41 c rN TI Ll F 
r, n 42 J=1,11 
REAV( 1, )On)( ýp(, ( I, j), 
-1 RI TE ('2,5 00F, C, CI, -j I10 
42 CCN TI N UF 
CC, 4: ý J= I, II 
R EA CCI, 50 13) C E", I, J) ,I 
PJ PI TE( P j, 5AUKGFCI, J) ,I120 
43 C 0N TINUE 
R F-AU (I, 1 >3 2) (ýP? (I), I=I, P 3) 
, lPl TE( ?, 19P) (, '<PP( I j. t1 ('-13) 
R FA C. (I, li ?)(ý tý MC(I, II ýý 3) 
'4 RI TE ( 2,13 2) (, ý ý"( I)II=112 -1) 
4. RITE(2, H3) 
4PI TE( 2,1 1U -1) 
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1 103 FORMAT( TURVICCHAPG)ER I NPUT LATA/Lý41 ------------------------ 
READ (I j, 10 1)TI., AI- CP., C; ANIp FRIJýCP' 
READ( I* 10 1) P0., P4 
REAN Is 10 1) EPRCP I 
101 FORMAT( 6E1 2-A) 
, 
'4RI TE( 2. p 107) 
. 4RITE(2j, 102) 
ARI TE( 2s 106) TI 
, -JPI TEC ?. p 109)AI 
. 4RITF(Ps 
llo)CP 
WRI TE( 2, v 111)G, AM 
WRI TEC Ps 1 13) EHi"rp 
555 FrRMAT(7Flj. 4/7EII-4/7EI1.4) 
lo? FCRMATCI; 3-i ----------------- 
107 FCRMATC ////1, -3-1 PPUGFh, 'l CC, N-STANTS) 
108 FORMAT( /3 IH CPAPRES-SPIk I NLET TE, '-lPEkWj UkE E 12.4) 
109 FORMAT( /33-1 TUPPPCýiARGEF NIDMENT UF INE$ýIl A =. o, F-I 2.4) 
1 10 FOPMATC /37 -1 SPECIFIC -iEAT AT CCNSTANT PRESSURE =sE12.4) 
1 11 FORiNIAT( /26ýi RATIO r! F SPECIFIC HEAT! 5 =. -P-12-4) 
1 1'3 FORMAT( /354 ACCURACY C-F IIERATIVE. PRUCEL; UPES =. PE12-4) 
4RITE(2. PI03) 
103 FLIRMAT(////l IH INPUT DATA/Ill ---------- 
500 FORMAT(ION-5) 
510 FORMAT( 8F 10 - 5) 
520 FORMAT( 10 Fý3' - 2) 
530 FC. RMAT( 10 Fý3 .2 /FS . 2) 
540 FCRMAT(3Fj0-P/3FI0. P) I 
550 FERý1AT(FID-P., FIO. 5., Flrl-PPFID-5pFlO. b) 
505 FrRMAT(5F3.5/IOF, 3.5/IOFý'). 5/]OFS. 5) 
182 FDP., 'IAT(IIF7.4/jIF7-4/F7.4) 
900 PORMATCSE12-6) 
jj= I 
K=D 
4 K=K+ I 
RtAC( Lv 550) TI MFN K) , P3CP0U(; <)', T3[, ( K) 
IF*( TI NIEN K) -ST. I- OE+ 0 4) Gf. 'TC 7 
-JRI TE( 2,105) TiMEC. ('ý) , P3CPPD( K). v T3r, ( K) 105 FCR, '11AT( FI P- 4,3K, FIP. 4,1 PX, F1 2e 4,4X, FI Pe 4) 
GrITO 4 
7 GAMI=GAN1-1.0 
MEFF=1.0 
STEPI=0.001 
STEP2=0.0001 
PTS=0.0 
AMG=0.08 
CSPEC=0.0 
ACI=O.. O 
J=9 
14RI TE( P, I n6) 
106 FORMAT( IH I////) 2H UU1PUT [ATA/I 2-1 ----------- 
'4RI TE( 2j, 1 14) 
1 14 F OR-'-I AT( PX, 511 Tl, '-IEp 7X , 6-1 "ýPEEUP 4K, 1 P-i T t"-lASS FLO'A., 7, )(1,6-1 T EFF, 64',, 8 
IH T PC-. 4FP, AX, I Pri C, MASS VLO-4.9 P-X, I /H C PkESS RATI 0,3XP 6r-i C EFFP'6X, 8 
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LF NPMR., FPlDt3. PTC16P 
HC PC. '4ER/) 
5 PTNPI=PCNFI 
SPUNPI=CSPEE 
2 'J=J+l 
M%I= 0-0 
IF(J. F. 0. l)C, F'Tr 6 
115 FORMAT( 9E 13.4) 
IF( TINIECCJ) GT. I -BE+ 04) STCP 
AI =-0.493121 4F-- 02 
BI=0.1 1 13 45-2E- 05 
CI=0- 213 53 66 E- 09 
Dl=-0.897971]E-15 
PWB=( (D Ile SPDNP I +C I spr"NP I+BI+AI 
PTNP=AMG*CP*T3*TEFF*(I. (I-(l-n/P3['PP)**%'. #-; A, ýll/GAM)) 
MEFF=( PTNP-P, -IF3) /PT, IJP 
[)EN4=343.4321*P4/T4 
VCLFR4=AMG/P, EN/j 
AP=D. 5591953F-V3 
B? =-0-106613ý45F+00 
CP= 0-2,66,. 3 P 49 E+ n_ I 
ID2= -02 49 69 3 5E: + P0 
E)PL= ( D? * VCL FP A+ Cq) VCL F k, A+ 112) V[: L F"ýý 4+ W'? 
P4=P, PL+P4 
6 T= TI rl ED ( J) 
P3DP0=P3UP0C(j) 
P3=P3DPO*P4 
T3=T3D(j) 
f? T3= SORT( T3) 
245 SPP4=SPUNPj 
PTN=PTNPI 
I F( P30PO N J) - GT - P3L; F 0 [: (. J- I)) GU ICII 
CALL TSCP-iAR, li(P3LPO. *Atql"%'TIvA', irP) 
A%lG=AMFP*P3/RT3 
PCN=PCNPI 
IIJ. J=jj+ I 
AMFP=AMG*PT3/P3 
I F(AMFP- GT- (0- PPE+ 01 
CALL TSCriAR(AMFPsP3rPOjANDRT3) 
CSPED=ANURT3*RT3 
CALL TEFFCl4(A"vTRT3., P3CPnvTEFF) 
P4=AMG*CP*T3*TEFF*ýIF-FF*(1.0-1. n/ýl, -ALý-'O-*((')AII 
I/GAM)) 
IF(J-(', T-I)Gr- Tr 15 
C ALL C ('H ARCI., A. 'l A., CSP F I- v CE F F,, P2PI 
15 AMASTr-=AMA 
CALL 
PR2=PPCPI*Po 
CALL 
T2P=Tl*(P2F-F'I)**(f"AM'/r'6"") 
TP=( T2P- TI) /CEFF'+ II 
r BEN=343.4321*P'ýP/lý' 
DENR=SQRT( LEN) 
AMA=AMA: tl'F--NR 
I F( ARS( ( ANIA-i\-%IASTD) /AMA) . LE- KPRrP) f"U 
I(J -1 1 
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GLI TP 15 
61 PCNPI=AMA*CP*TI*( PPF'FI**(rAill IGAM)- 1- 
(1) /CEFF 
TAP=T3/P3rP 0**( GAM1 
T4=T3-'TEF'F*( T3-1 LP) 
AMGTESTC JJ) =AM(, 
IF(Ji. (, T-1)Cif' TU' l-" 
11,52 
F( ARS( ( PA- PCNP 1) /P 4) . LE- Gl', 1 E' b 
AM(7, =AMriTEST( JJ- 1)+ _STEPP 
GEI TO 11 
52 ANIG=AMGTFST( JJ) 
r, C. T C) 11 
14 C. T=TIblEC( J) -TI MEC(J- 1 
SPDNPl=CSPED 
PA 1 =C SPDNP 1 **2-SPFýN**2) -, icA1 110 5) 
PT, NPI=PCNPI+PAI+PCN-PTN 
AMG TEST( J. J) =MG 
I F( P3EPO D( J) LT - P3PPP [, ( j- 1)r, 0 TC; p A6 
I F( PTNP 1- LT - P'l. ANC. MM. F'(. ). 1 rC, TC c, 
I F( ABSC ( PW- PTNP 1 /P--4) 
AMG=AM(2TF-ST( JJ- 1 -k*. SI Ep2 
MM= 1 
G, C, T r-, 1 
82 ANIG=AMG TE ST( JJ) + STFP 1 
GC, TO 11 
246 1 F'( PA -LT. PTNP 1. A,, JD. %IM. F ü. 1 rio IC p 
AM r i=At-lGTESTC JJ- 1 
MM= 1 
G0 Tn ii 93 AýMri=AMGTEST(JJ)-SiEpl 
rill TO ii 
280 PTNPI=AMGvCP*T3*TEFF*IFFF*c1.0-1.0/r3[ý-0** 
1C GAIN1 1 /GAM) 
PCNPI=PTNPI 
CEFF=AMA*CP* T1*( PPDP 1**( GYM 1 /GAM) -1.0) /FICip 1 
ACIýI-0 
C70 TO 2 
50 STOP 
END 
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PROGRAM' PULSATING1 
Xnll! lp(. 1)15ýll), XP: 5DPO(35, il, ). / -7- DIMENSION 
DIMENSION Xri( 11 XP( 3S) iII XT( 35 9 11 
DIMENSION XCS(I'i)gXFI(20tll)iXPC(20,11), XCE(20ill) 
D111ENSIGN XP2(23)sXn 'MOX 23 
DIMENSION RMGTEST(3000) 
REAL MEFF 
COMMON/M'lS/XnMFPiXP3DP0sXNRT3 
COMMON/MTE/XNqXPsXT 
COMMON/MCC/XCSiXAiXPCtXCE 
COMMON/MTP/XP2tXnMO 
comm0N/MDP/VS , GRSR 9 PS, GRMs TG 9 B-3T I ME :X 37 B. C: G( 3,37 
19 NTN s TCYCLE j DT; Fl. --G( 12 r^-CDG< 12 NTM 
WRITE(2)1) 
I FORMAT( I H1 
READ( 1) 15)(XNRI-3( I ), 1=1,11 
WR I TE( 29 15 X XNRT3( I)tI= 11 11 
DO 2 Jz; 11 11 
READ( It 18)( XFIiJFP( 1, J), 1=1,3S) 
WR I TE( 2t 18 X XFIrFk I, J), 1=1,355 
2 CONT I NUE 
DO 3 Jm- I, II 
READ( 1; 18)(Xp-, lopoý 11 j )l 1=-1735) 
WRITE(2)18)(XP3DP0( I, J)) it-1)3S) 
3 CONTINUE 
READ( 1, IS)(XN( I ), ! -:. I, II 
WRITE(2,15)( XN( I )) 1= 1,1 
DO -1 J=1,11 
RERDC Ii 18)< Xp( 1) j), I=-I 35) 
WRITE(2,18)(XP( I, J)q 1=1ý35) 
4 CONT I NUE 
00 5 J=111i 
R'EAD( 17 18 )-,, XT( 17 35 
WRITE< 2,19)( XT( 1, J), 1=1 9 35) 
5 CONTINUE 
READ( Iý 16)(XCS( I )i 1=1,11 
WRITE( 2,16)( XCS( I )s 1=1 i 11. ) 
DO 6 J=lill 
READ< 1, I2)(Xfl(l: tJ)q 1=ls2f, )) 
WRITE(2i 12)( XA( 19 J)i 1=1 1 2'0) 
G CONTINUE 
DO 7 J=lill 
READ( 11 12)( XPC( It J), 1=1) 20) 
It J), 1=11,20) WRITI. (2i 12),, XPC. 
7 CONTINUE. 
oc) 8 J= IIII 
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READ( 19 12)(XCEC It J)q Iz-1 120) 
WR I TF(2,12 XI XCE( I, j), I--- 1,20) 
8 CONTINUE 
READ( Ii 19)(XP-2( I )i 1=1,23) 
WRITE< 2,1 9)(XP2( 1), 1 =-I 123) 
READ( Is 19 X XRM0( I ), I =- I1 23 ) 
WRITE(2919)(XRNC( I )q 1=-1,23) 
WRITE(291) 
WRITE(2s9) 
9 FORMAT( ////24H TURBOCHARGER INPUT DAM/21H ------------------------- 
RERD(lý2I)TI, FllsCPsGfiMiPogERP, OR 
READ(lv2OXIEFF 
RE. 9D(1121)PG, TG, C-nSP, oUS9T3ýP3 
READ( I 121 )DT9 TM9X 
READ( 1,39 )NTM 
DO 10 N=I, NTM 
READ( IiII )AFG(N ), FiCDO(N) 
WRITF<2, j1)AFG(N), RCDG(N) 
10 CONTINUE 
FORMV(Elý. GsE10.2) 
READ( I 139 )NTN 
WRITE(2s23) 
WRITE(2o22) 
WRITE( 2s24 )TI 
WRITE<2s2S)AI 
WRITE< 2s 26)CP 
WR I TEX 21 27)GAtl 
WRITE<292@)PO 
WRITE(2,29)ERROR 
WRITE(2oýO)MEFF 
WRITEQý31)PC 
WR I TP 29 32)TG 
WRITE(2933)GnSR 
WRITE( 2s34 )VS 
WRITE(2,35)T3 
WRITE(2p3G)P3 
WRITE(2s-37)DT 
WRITE(2ý38)TMqX 
12 FORM9MOF8.5) 
13 FORMAT(8FI0.5) 
14 FORMAMOFS. 2) 
15 FORMAMOF8.2/F8.21, 
Is FORMPIT( ISOF 10.2/3F 10.2 
17 FORMRT(FIO. 29VIO. cgP'10. cýsF]0.1ý-ir'10.13) 
18 FORMAT(, SF8. ý, /IOF8. S/IOFB. S/IOFS. S) 
19' FORMAT( II F7.4 ) 
20 FORMRT(3EI2. S) 
21 FORMAT(GE-12.4) 
22 FORtl9t(18H ------------------ 
0 
f 
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23 FCr\tlAT( ppý('j(ýPr-. M CONS1. q1ITS, 
24 FORM9V/26H nTM, )3)PhERlC TFrlr3cRnTLjP\[. ' 
25 FORMAT(/33H TURBOCHARGER MGMEW_ OF PiFýRTln 
26 FORMRT(/37[i SPECIFIC HE-AT AT CONSj'nrjT rREQSURC --, E12.4) 
27 FORM9T(/26H. RtFITIO OF ýý, PECIFIC 11EFITS 
28 FOr\MfIT(/23H ATMOSPHERIC PRESSURE 
29 FORMPIT(/35H ACCURACY OF ITFRnTIVE PROCEI'JUREES =, [712.4) 
"Y z-sE'12.4) CP, L EFFICIENC 30 FORMAT(/24H MECHANIC 
31 FORMRTC/21ýi P0 INPUT PRESSURE =-prlc". 4) 
32 FORMAT(/24H P0 INPUT TEMPERATURE ! ý-)EIP. 4) 
33 FORM9T(/ISH GAS CONSTnNT =-, E12.4) 
3-1 FORMRT( /I Sh PIPES VOLUME -, E12.4) 
35 FORMAT(/21ý1 STEADY TEMPERATURE rz, E12.4) 
36 FQRM9T( /I 8H STFADT PRESSURE : *-%E12.4) 
37- FORMqT< /1 2h TIME STEP -gE12.4) 
38 FORMRT(/28H CALCULA TI ON TIME REOUIRED n-, [: -12.4) 
39 FORM9T<16) 
100 41 N=-I, NTN 
READ( 1, -40 )BI-IME(N), BFG( Is ti ), BFG( 29 N), BFC( 31 ti) 
BTIME< N)=-BT IME(N 
WRITE( 29 40 'oBTIME( N), BFG( I, H)tI3FGQ, ýi), BFG(3, N) 
40 FORMA T( SP 12.4 
41 COMT I NUE 
42 FORMAT(11F7.1) 
43 FORMAT(12FG. 4) 
44 TORMAT( I IF?. 4 
45 FORM119T< fBF9.1 ) 
46 FORr, 9T( 13F'G. 4 
47 FORMAT(,, i2ElI. 4) 
48 GAMI=GRM-I. q 
PTS=-O. o 
CSPED=; O. o 
J=O 
WRITP2,49) 
49 FORM9T(////12H OUTPUT DATA/12H ----------- 
WRITE(2s50) 
50 FORM. 9T(/' TI rl SPDNPI Altio TEFF T3 T4 P30PO 
I PTNPI AMR CEFF T2 P2DPI PCNPII) 
51 PTNPI=PCNPI 
SPONPI=CSPED 
TSTARTz-BTIME<I) 
TCYCLE-BT I ME( hT. N 
TIM=TSTART 
52 SPDN=SPDNPI 
PCN: ---PCNP I 
PTN=-PTNPJ 
DM=; 0.001 
S3 J=J+l 
IF(J. EQ. I)GOTO ! 37 
WRITE( 2, S4 )T IM., SM40 I AýjGq TEFFi T3, T4, P3DP09 PTNrý' I 
l; AM9sCEFF, T2qP2[)pj, PCNPj 
54 FORM9T(FI0. Srcl. 2,2F8. '. 7 i 2F7.2; F8 c: -,, F79 cis 2FS.. SI 
lF7.2, F8. S,, F79. r. )') 
IF(TIM. GT. TrlqX*)Co To G7 
55 TIM=. TIM-, -DT 
56 CALL PIPES(P'-ý, 13, RMC, ýTIM, P3NPlsT3NFI) 
P3=P3NPI 
T3-: -T3NP1 
57 P30PO=-P3/PO 
RT3-SORT(T3) 
58 M-M+-i - 
RMPP--AMGART3/P3 
CALL TSCHAR< 1, FirFPiP3DF'0qANDRT3) 
CSPED7-ANDRT3*R M 
CALL TEFFCli(ANDRT3, P3DP0, TEFF" 
PW: --AMGACP. KT3*1'EFF'AtlEFF)K( 1 . 0-1 O/P3DPO*)K(GnMI 
1/GAM)) 
CALL CCHAR(l, AMAsCSPED, CEFF, P2DPD 
59 ANASTO=AMA 
CALL CCHAR(2, r-"r'. R, CSPED, CEFF9P2DPI) 
PR2=P2DPlAPO 
CALL CFTINT(Fl-'19)XPa, XAM0,23-PR2) 
T2P--TlA(P2DPi 
T2=-(T2P-Tl)/CC-FF+Tl 
DENý348.4321APR2/T2 
DEH. R=SQRT(DEN) 
AM9r; nMqxDENR 
IF(ABS((F)M9--nM9STO)/RMq). L-T. ERr-, O, R)GO TO GO 
GO TO 59 
60 PCNPIý=-RMAACP*TIA(P2DPIXA(GnMI/GRIl)-I. O)/CEFF 
TlP: %; T3/P3DP0ý,, *( C-Arit/Go,, m) 
T4=T3-'rEFF)k(T3-T4P) 
FIMGTEST(M)=. RrlG 
IF(PCNPI. LE'. PIJ)GO TO G2 
61 RMG=-RMG+DN 
GOJO 58 
62'IF(J. GT. 1 )GO TO &J 
63 IF(FIBS((PW-PChPl)/PW). LE-ERROR)GO TO SI 
DM=DM/10.0 
AMGt. AMGTEST(M-I)+DM 
GO TO 58 
64 CSPEDN=-CSPED 
CSPED--CSPED4-SOO 
65 ANDRT3=CSPED/RT3 
CALL TSChAR(2iflMr7PsnNDRT3qP3DP0) 
CALL TFFFch(nN9RT3-P3DP0iTfr-FF) 
PTNPI=AMG*CPAT3*TF-FFx(1.0-(1.0/P3DPO)A-X-ýC-F-1ýll/GRM))*r. tFF 
Arl-9P7ý-AMR)KCSPED/CSPEDN 
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CALL CCHAR(2, riMPlPtCSPEDtCF'FF, P2DF'I) 
PCýiPI=AMAPACP, *ý1'1, *, (P2DPIY,., K(C-Rýll/Gr-'iM)-I . 0),, CEFF 
PAI=0.9118SE4-OSADTA(PThP]-LPTN-PCtiP]-PCri)/nI 
SPDNPI'--SOr,, T(SPDNAik2+PFII ) 
IF(ABS((SP[)Nr-, I-CSPED)/SPONPI). LT. ERROK-)00 TO 66 
CSPED---SPDNP1 
GO TO GS 
66 ArR. ýAMP 
T2P: -T I x( P2DP I )Axý( GFIN I /GAM 
T2=(T2P. -Tl)/CEFF+-TI 
T4 P: -; T3 /P3DP, -. )K*, ( G9M I /GAM 
Tl=-T3-TEFF*(T3-T4P) 
GO TO 52 
67 STOP 
END 
0 
I 
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PROGPAM PULSATING2 
C, I MENS I r'N 'Kt^-IFP' 15P 11). KF, 31 P 0( 35,1 1 13( 11 
MMENS I Cl KNJ( I I) , <F( 35,1 1)/, -I( I I) 
.I mENSICN 
ý19,1 1), ýCFCI, E, 
MENSIC'N 
f,, N /M TE /X N, <P 
C rm M rN P11 CC/ 1( C, S, k 'A t- C' C 
c r,, 4, m rN /TTI /T IMEC10P03LP0C10 IJ 0u00LFEf, L, 10 00 
REAL MEFF 
4RI TE( 2,19 3) 
163 FCRMAT%'IHI) 
REAN 1,530) (KNRT. IC III, II 
4RI TE( 2,530) ( ý, %JRT3( I ), I=I, II 
Dr. 21 J= I, II 
REAN 1,50 5) (KI, J) 1 1,31)) 
14 RITEC2,5P 5) C< ANI FPCIJ135 
?I CONTI NUE 
DO 22 J= I, II 
REANI, 505XP:? I'l 1-1 1j13 5) 
NRI TF( ?, p 5V 5) ( K)'. 3 L, PfIJ135 
22 CONTI NIIF 
PFAN 1,5,30) ( <N( I 
-JRI TF( 2,5,10) V4( 
Dr, 31 J= 1011 
PF-Aý'( J 505) ( XP( I J) 1 35) 
0<1 TF( 2,505) ( <p( I j) 
31 CrNTINUE 
Ur. 
REAN 1,5n 5)'(XT( I1 35) 
MTE( 2,505) ( XT( I, J) I=Ij. 35) 
32 CONTI NUE 
REAF, C1,540)CKCS(j), j=j, jj) 
. 4RI TF( 2,54V )( -<Cý, ( I), I=I, II) 
CO 41 J=1,11 
REACCI, 500)(ýA(I, i), I=I, ýý. q ) 
.4RIT F- (P, 9P0)CýACI, j), I=I,? n) 
cr-NTI NUE 
[, r, 4P J= I, 11 
REAN 1,, 5(l n) ( XP('( 1, J) 
, 4RI TE( 2,50 0)( KPCC I, J) 1 20) 
42 CGNTI NUE 
DO Q J= I, 11 
REAN 1,5fl 0) ( KCE', I, # J) ,I:? U) 
, 4RI'TEC 2,5011) ACE( I J) IIj, 20) 
43 CONTI NUE 
REAU( 1,1,3 9) PP( II P'l) 
WRI TE( 2,1,3 P) /, P2%' I)I1 23) 
READC Io H P) (X AIC, ( I)I1 ? 3) 
49-1 TE( 2.9 16 P) (A Alf CII=1,23) 
4FITE(2,1,33) 
REAN I, 10 1)TIpAI, Cf', (3AM, Fý, RCR 
REAI', (j, j0j)Pn, P4 
ici FrRMAT(6F0. -/j) 
MITE(Pi, li-13) 
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4PI TE( Pi. I PIP) 
4PI TE( Pp 10 3TI 
4 RI TF( Py1 09 Al 
101 TE( P. 0 II P) Cp 
4RI TE( P-., III GA'll 
qRI TE( Pj, 1 13) Er-"fr. k 
102 F0 RM A TC 1 1-7) 1----------------- 
107 F Ct RM, AI(IHI//// 13 -1 P F. f "Ij f-ý i"I C C: 114 S 11) "N Tb 
103 FCRMAT( /31-1 INLET TF-, NJPý_ktýjtjjýF =., E)2.4) 
109 FCRMATC /33.1 TUFRrC'-If)6rF-n C'F ltv"',! -(Ilil =, FI2.4) 
10 F OR, "I ATC /3-1-1 _SFFr1ý1C IFAI (11 CC,, NSTA, Nl PtEýSUFE: =PE12.4) 
II FCR'IAT( /26-1 RAIIC [F' -, PECIFIC riEATb 
113 FC, RMAT(/35-i ACCIJPArY CF ITEFAllvý-_'PRL(; F-LURES 
103 FVRMAT(////IjH l, A4F'IJT 1, ATA/11A ---------- 
500 FORMATC 10 F8 - 5) 
510 FORMAT(8FIO-5) 
990 FCRMATC10Fý3.? ) 
991 FrRMAT(Fg-4) 
530 Frf, 'MAT( 10 FP, -P /F-3 . P) 
540 FrRMAT( IFIV0, /? F- I ti.. P) 
550 FrRMAT(FIO-2, FID. t-), -FIU-?, F)D-',, F)II. 5) 
559 FfIFMA1( 2Fýi . 3, F9 . P) 
5n5 b) 
113P FCP. IAT(IIF'7*4/JlF7 t-4 /17 7.4) 
900 F0PMAT(6FI', 'l. 6) 
4 ý(=K+ I 
REAN Is 539) TIMF-I', ( K) , T-1U( K) , G,, '+F-LL( 4) 
IF( TIMEN K) GT. I. I)F+(I", ) ", C lCj 7 
4RI TEC 2,5S9) TIMEL( K) P31J-ol, ( K)', T*3[ C CK) 
105 FrRMAT( I ýi Ir 12- -iý, F ý)* 4jo 12K, F 12-4,4Xv C 1'2.41 5, <. * F1 4) 
53 -) F rRM A7(2 F8 . 3, F9 FI1 2) 
GC TP 4 
7G Am, 1': G A-m- I 
CSPFD=32000 
. J= 0 
-4RITE( 2,106) 
106 FORMAT( ////12-1 CUIPUT rATA/I? ri ----------- 
WRI TE( P, 163) 
: 4RI TE( 2v1 14) 
1 14 FORMAT( /4ý a 5-4 Tl'-l F., 9, < a 6-1 T MAS, 6-( 1 EFT, ýi, < 9 ý3q T FC,,,. 4EK, 6Aa 1,2., q C 
IMASS FLCNp 3'<p 1 4-1 C PRE-QS RATL C., 5<, # 61 C. LFF, %9X*dH C FC, -4EP/) 
p J=. J+ I 
IF (J- FO. I) GC' Tr 6 
4RI TE( 2,1 15) 1, A\lrs TEFý*x FTNP Is A\IAp PPFF Ia CF: FFjp FCNI- I- 
1 15 FOPMAT( 4( El 9.4s 10 , re: l 2.4,4-K, F 12.4,1--'l ý? - Ap 41, s F-12o 4) 
IF( TI MEC, ( J) G7 -I- QE+ 02) : ý, TCP 
6 T=TIMED(J) 
I F( T. EO. 10) STflP 
CSPE[)=CSPFcJ; (J) 
P3[; PO=P, ICPO 0( J) 
T3=T3C(J) 
288 
15 
61 
RT3=50RTCT3) 
ANCRT3=CSPFV/JýT3 
CALL TSC-i AIVIC P3[., Prl ,aN ["-1 3. - AIF F) 
AMG=A, 4FP*P3/RT: l 
CALL TEFFCH(ANI-*I-'T'ý. P)-ý'. 'Ar"[)., 'Tt--'FF) 
T4P=T3/P3[, PO*v( CAl I /qA. \I) 
T4=T3-TEFF-(T3-14P) 
At=-0-4931P14F--V? 
BI=0-111345PE-05 
CI=0.2185-363E-09 
PTtJP=AMr 
MEFF=( PTNP-P. 4P) /FTNP 
DEN4=3, ejý') . 4321 *FA/T4 
VC, LFR4= AMG /1'EN4, 
A2=0.559 1953E-03 
B? =-0.1066-345E+P D 
C2=0-246ý3P49F+0 I 
C2=- 0-2 49 69,15F+ fl 9 
CPL=( C *VULF--44-1ý 
P 4= UýL+ P /i 
PTNP I= AMG*CP*1? *TEFF*,, 4,! 
-, 
'FF*( 1 0- 1 
I /GAM) ) 
E-, j7, pp LpI CALL CC, -iAP( 
AM Asi r= iAm A 
CALL CCiAF(p, s)%jr,, CSpý-j 
ppe=ppc, pl*pu 
CALL CFTINTCAMA, ýPP,, ýiA, jr., 2 3, py-ý, P) 
T2=(T2P-Tl)/CýýFF+Tl 
DEN, -2.3 43 - -" 321*F RP /'r 
P, ENR=SOFT( U-FN) 
AMA=AMA*f'F,, VR 
TV; 61 
GO TO 1-5 
PCNPI=AMA#, CPicTl -ic( P2L; P1, *-v( r, (oll /rA*-I) -I- (1) ICEFF 
, 
r, C) TC 2 
ENE, 
. 
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SUS5ROUTINE 
II), )(IJO T DIMENSION 
lX(3S)sY(3u--Dq2-(2) 
COtIM, ')N/MTs/xnriFr, XP 3FF0 9 XNRT3 
NN=l I 
NP=39 
IF (N. CO. l) GO TO 13 
IF (P3XN-XNRT3(l)) 1,3,3 
I WRITE(2o2)P3Xti 
2 FORtl9T(///. -41H srEED PARAMETER OUT OF RAHGE IN TSChAR L-IF12.4) 
P3XN=XtiRT3(1-> 
60 TO S 
3 IF (P3Xri-XNRT3(Ni)) SiSs4 
-1 WRTTE(292)P3XN 
Mril-MR)T3(till) 
s 00 6 J=29till 
PA I -. --P3XN-XtiRT3( J- I 
PA2=P3XH-XNRT3(J) 
K=J-1 
IF (PAI)wP. 92. LE. 0.0) GO TO 7 
6 CONTINUE 
7 DO 8 
PRI-ý; (P3XN-XhlýT3(K))/(XriRT3(1/, +I)-XN'RT3(te)) 
DX A( I )*=-Xrlr'lFP( IIK )4-PF, I ; V, ( Xf',, IFFJ, ( I, 1<4.1 )-Xf-, ýjýp( I, j< )) 
DXP( I )ý-"3DF-'0( IIK )4-P9 I A( XP3DPO( I, K+ I )-XF'13D! '-O( IsK 
8 CONTIMiE. 
00 9 1: _2 I tip 
. PAl=MFP-DXrj(I-j) 
PAC, -): ZRrlr-p--PJXA( I 
K%;. I-I 
IF (PRIAPA2. LE. 0.0) GO TO 12 
9 CONT I NýX 
RNSWER: -DXP( I 
IF (flMc-P. OT. DXfl(N0)) AHSWERZý-DXP(Nr-) 
WRITE-(2, IO)F! Mrf-', P3XN 
WR I TE( 2,11 )ANSWER 
10 PRRrl. LTFRS OUT OF RANGE IN TSCHAR/22H MqSS FLOW PAR 
IAMETER =, E! 2. A/IGH 'SPEED PARAMETER 
11 FORM9T(//41'i FiPPROXIM9TIOri rOR PRESSURE R9TIO TnKEH t-, E12.4) 
RETURN 
12 PAI=(ArIFP--DXA(K ))/(DXFi(K+ I )-DXFI(K)) 
AN'-oWCRt-DXP( K )4 PAI A( DXP( K+ I )-DXP( K 
RETURN 
13 J=O 
I'l H: L-0 
IS M=M+l 
J=J+ I 
IF (J. GT. fiN) GO TO 23 
00 16 It--2, NP 
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PA2=. nMFP--XANv-P( 11 J) 
IF <pAj)k-r-r12. LC. 0.0) GO TO 17 
16 CONTM; E 
00 TO 1 1! 
17 IF (K. 1: 0.1) K=-K-1 
3- Ký -2 lF (K. GT. I) -K 
-DO 
18 L-:.. l13 
K=K+ I 
X( L )z. Xfi. 11F P( K, J) 
Y(L)=XP30P'0(K)J) 
18 CONTINUE 
PAI=0.0 
Do 20 Tt. -1,3 
PA2=1.0 
00 19 Kt-; is3 
IF (I. EO. K) GO TO 19 
'PA, '--'=. PA2A(nýI. P'P--X(K))/(X( I )-X(K)) 
19 CONTINUE 
pAl=pAl+prl2*y(l) 
20 CONTINUE 
Z(M)=-PAI 
IF MEO. I) GO TQ 15 
21 IF ((P3Xti-? (l)))K(P3XN-7(2)). LE. O. 0) GO TO 22 
2(1)=2(2) 
M=l 
GO TO 15 
22 PAl=(P3XH-? ( II 
f3NSWER=-XNRT3( J-1 )+PFII. *, ( XNRT3( J)-XNRT3( J-1 
RETURN 
C 
23 ANSWER-: -XNRT3( JNT(FL-(jF'jT(NN)/2.0)) 
WRITE7(2s24)rlMFP, ýr3XN 
W,,, I TE( 29 2S )R. "ic-WER 
24 FORrlcIT(////34H PARriMETERS OUT OF RANGE ItA TsChAR/22H tlqSs FLOW PAR 
IRMETER =, C12.4/17H PRESSURE RATIO 
25 FORM9T(//42H APPROXIM9TION FOR SrEE[) Pf'IRRIMETER TRKEH : -qEJ2.4) 
RETURN 
END 
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SUBROUT I NE TUFt CH( fiNI), r3D, RiHSWER 
I )qXr(31ýs 11 )qXT(Y; o LI DIMENSION XW I, 
COJjlj0N/ljT[-/XNj)'<Pj )(T 
NN= II 
IF (AND--XW 1)) 1. )3s 3 
I WR IM 212 )AND 
2 FOPMqT(////, IIH c,, r[: i--n PARAMETFR OUT OF WitME IN TEFFCH 7-)E]2.4) 
rlND-XN( 1 
GO TO 5 
3 IF (AND--XN(1, ili)) S9594 
4 WR IT['( 292 )ANO 
ANDnzXN( Nli ) 
5 00 6 J=21 N"i, 
W11: 41ND-M J-i 
PA2=RND--XN(J) 
K=;, J- I 
IF (PAl*PA2. L(-. 0.0) GO TO 7 
6 CONTIMiE 
7 DO 8 I=-: 1, NP 
PAI=(AND -XN( K XN( 
K4-1 )-Xh( K 
DXP( I )=XP( TK "'P'll A( XP( I K+ 1 )-XP( IsK) 
DXT( I )z-; XT( IK )+rFl I)V XT( I K+ 1 )-XT( 19 K) 
8 CONTINUE 
DO 9 1=2ýNP 
PA I =P3D- -[)Xr( I-1 
PAR--; P3D-oXF-x I 
K=I-l 
IF (PA*ýAPR2. LE. 0.0) GO TO 12 
9 CONTINUE 
FINSiAER=DXT( I 
IF (P3D. GT. Dyr(Nr))) ANSWEFi*, ':. -DXT(Nf? ) 
WR I TE (2pi O)AND, PM 
W\TTE(2,11 )FjNc_'WEp, 
L_ S CE RR-MMEET 
10 FORMqT(////3. lH PHRAMETURS OUT OF RANGE IN Tf. -FFCH/If3H' )P DP 
ii: P, =sEJ2.4/1ý'H PRESSURE P\qTIO -; iEJ2.4) 
11 FORM9T( //3/-H APPROX I MT I ON -FOR EFF ICI UNCY 1-fiKEri E- 12.4 
'RETL)Rýi 
2 Pfllt--(P30-DXP< V, DXP(K+ I )-DXr-( K) 
ANSWER: ýDXT( K )+FA, I A( DXT( K+ I )-DXT( K 
RETURN 
END 
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SUBROOTME 
'0,11 XCE( 20ý 11 )s 01 MENS I ON XCS( II XPl( 20 1 11 ), XP(-( 1* 4 
COMION/MCC/XGSsXA, XPCgXCE 
NN=ll 
NP=20 
IF (N. GT, I) GO TO 7 
IF(CSPED-XCS( 1))1,2s2 
I CSPED=XCS(l) 
60 TO 4 
2 IF (CSPED-XCS(M))4,4)3 
3 CSPED--XCV Nli 
4 DO 5 J=2iNN 
PRI=CSPED--XCS(J-1) 
PA2=CSPED -XCS( J 
K=J-1 
IF(PAlAPfl2. LE. 0.0)GO TO 6 
5 CONTINUE 
B nrln=xn(l, K+i)+o. ool - 
RETURN 
7 IF (CSPED-XCS( I)) 8ý9$9 
8 CSPED-=XCS( 1 
GO TO 11 
9 IF (CSPE', )-XCS(riN)) 11,11,10 
10 CSPED-XcS(NN) 
00 12 j: mp'Wi 
PR1=-CSPED-XCS(J-I) 
PA2=. CSPED-XCS(J) 
K=J'l 
IF (PAIXPA2.1E. 0.0) 00 TO 13 
12 CONTINUE 
13 00 11 1=1, rip 
PAI=(CSPE-D-XCS(K))/(XCS(K+1)-XCS(K)) 
DXPCI>=XPC(I, K). ý-pFilx(XpC(I, K+I)-XPC(l, K)) 
DXE(I)=XCE(I, K)+pnlx(XCC. (I, K+I)-XCE-Cl, v, )) 
DXFi(I)=XR(I, K)+F,, Alx(XR(I, K+, )-XR(liK)) 
14 CONTINUE 
DO 15 1=2stiP 
PR1=RMR-L)XP, ( I-1 
K=I-l 
IF (pni*pn2. LE. 0.0) GO TO 17 
15 CONTINUE 
ANSE=DXE(l) 
ANSP=-DXP(l) 
IF (AM9. LT. DXA(l)) GO TO 16 
ANSE-DXE(hP) 
flNSP-DXP(NP) 
IG RETURH 
17 pfll;: (AMA. -riXilýK))/(DXn(K+I)-DXA(K)) 
293 
flNSEt-DXU K )4-Pnt., k(DXE(K4- I )-[)Xi--( K )) 
ntjsp, -Dxp( K )+F-r'l I x-( lj'4P< K-; -'l )-DXP( K) 
RE TURH 
EMD 
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SUBROUTINE PIPES(P3, T3. (-Iý"iC,, Tlil, P*itiPtr3ýirl) 
,, PG, fiRM, TG "(), RFG( 31 -3 CorlMoN/MDP, /u,: ) ý c'n')p BTI NE, 
1; NTN, T% - )% liTtl CYCLE, DT 9 RFW 1 12 
DI MENS I GH FG( 3 ), MJ( 3 CP), r', ( 3 
RUAL MS, MV, l*IVA, tlSN 
rlS=-( F113ALJS. * I- 01 +02 )/( GnSR., v T3 ) 
COEFF 1 1; 1 P-( P3/PG), v. *, (((iF'11-1 -0ý/GnM) 
COEFF I=-( 2.0,. --<CqM/( TG*GnSR)K(GAt'l- 1 . 0)) ),,, +COE FF I 
COEFF I =-PGx 1. K +OSk( ( P3 /PG )., Kx( I O/f3PM ) ), *zSORT( COEFF I/I. OE +03 ) 
DO 1 J=h3 
CALL t)Fip-. En(FO(J)tBTIrlE, BI-GNTti, Tltl, J, TCYCI.. E7', 
CALL (FTINT, /r. oo(J), FiFOoPiCOCitITtl, V'G(j)) 
MV( J )=COEFF I xFG( J ))KCDC, J 
1 CONTINUE 
Mt)Flr-(ML)( 1 )+MV(2 )+MV 3 
MSNý. Mc' 
.:, 4-DT. +( 
MUA--AMG 
-C0EFF2--0Tx(MUn*TG-P, MGAT3) 
P3HPl=P-5+GritlxGRSRxCOEFF2/(USAI. OE+O, --, ) 
T3NP I =P311P 1 xUSA I. OF- +OC"-/( tiSN)rGASR ) 
RETURN 
END 
0 
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SUBROUTINE UFl'Rl--A(rSl9X, Yvý6EXq! sT--YCLI"ý 
DIM-ENSIOH X(3,7)qY(3i3', )9FX(, -3)qFY(3) 
IF (EX. LT. X(N')) GO TO 2 
00 1 1=11ri 
X(I)=X(I)+TCYCLE- 
I CONTINUE 
2 lui 
3 1-1+1 
IF ( X( I ). LT. EX ) GO TO 3 
IF (I. EO. N) It-N-1 
DO 4 J=J 3 
K=I+J-2 
FX(J)=X(K ) 
FY(J)=--Y(i sK) 
4 CONT I NUF 
PS I t-0 .0 
DO 6 1--1)3 
P4= 1 .0 
DO. 5, J=l 13 
IF (I. E-G. J) GO TO S 
PR=-PRA( EX-FX( J) )/( FX( I )-FX( J 
S CGýTlWjE 
PSIz-PST4-PRAFl(I) 
6 CONTINUE 
RETURN 
END 
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SUBROUTINE CFTINT(C, )(jy, ýjFop) 
DIMENSION X, WvY(N)9FX(3)qr-Y(3) 
IF (FOP. OC. VI LF. X(N) ) GO TO I 
! )) f-OP7-X( I IF (FOP. LT. X(S. 
IF (FOP. GT. X(N) F'OP: -X(N) 
I 1=1 
IF (X(l). LT. FOP) GO TO 2 
IF 
DO 3 J=193 
K=I+J-2 
FX(J)=X(K) 
FY(J)=)(K). 
3 CONTINUE 
C=0.0 
00 S I=li3 
PR=J. 0 
DO 4 J=l13 
IF (1,. EQ. J) GO TO 4 
PR=PRA( FOP--FX( J FX( I )-FX( i 
4 CONTINUE 
C=C+PR*. [-Y( I 
S CONTIN! jE 
RETURN 
END 
I 
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SUBROUTINE TSC-i ARA( P3PPOs P3'<Ns ANIS 4DO 
Pj I MENS I ON XANIFP( -15. - 11) pý(F'3[)PG( 
35., 11) -X, NkT3( 1 1), F, /% A( 35) , DA PC 35), 
IX( 35) , YC 35) j, Z( 2) 
C OMM ON /%I TS IX AM F P, ý P, 1 U, P0 j, ý'Y'K 13 
NN= II 
NP=35 
IF( P3XN-XNRT3( 1) ) 15,1 6s 16 
15 4RI TE( 2,1 0 3)1)3X-4 
103 FC. RMATC////, 6P-i SPEKI, PARAMETF_ýý CUT CF kANGE- IN TSGriAk =. gEI2. zj) 
P3KN=)<NRT3C I 
G C, T014 
16 IF (P3XN-XNkT3(W-, 'l)) 14,14,17. 
17 ARI TE( 2j, 103) P3, *<-, N 
P3)(N=XNRT3(NN) 
14 UC 2 J=2, NN 
PAl=P3XN-XNRT3(J-1) 
PA2=P3XN-XNRT3( J) 
K=J-l 
IF (PAl*PA2. LE. D. 0) Gn T[l 7 
2 CONTI NUE 
7 DO 18 I=I, NP 
PA I =( P3XN-X. NRT3( 0) /( K 14RT3( K+ I)-; KNRT3( K) ) 
r,, XACI)=)(A, MFP(lj, K)-ýPAI*'XAý'11FP(I. #K+I)-, <A--. NlFP(lj, K)) 
DXP(I)=KP3CP(1(1, ý<)*+FýAlic(XP3UPG(l, ý<+I)-, ýP3LPO(I, K)) 
is CONTINUE 
Er, 19 I=2, NP 
PAl=P3BP0-UXP(I-D 
PA2=P3DPD-L/, P(I) 
K=I-I 
IF (PAI*PAP-LE-0.0) GC TO 20 
19 CONTINUE 
ANS4ER=CXA( 1) 
IF (p30P0-GT-1; XP(, NP)) 
'4RlTE(? 
_, 104)P3['#P0, P3XiN 4RITEC2. v 10 5) AN S'S' 4 E-- R 104 FOPMATC'////34, -i PARAMETERS CUT OF fýANGE IN TSCHAR/I IH PRESSURE 
I E12-4/13H SPEEC PARPMETER =,, E12. ij) 
10 5 -FORMAT( 114 10-1 APPRC., < I MATI CN FER MASS FLCAI PARA TAXEN =, E 12.4) 
RETUýN 
20 PAI=(P3CPO-rXP(ý<))/(E,, <p(,, ý+1)-DXp(K)) 
RETURN 
APPENDIX NINE 
COMPUTER PROGRAMS INPUT DATA 
t 
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APPENDI)IN 9 
COMPUTER PROGRAMS INPUT DATA 
4: the terms of the input data of each The explanatiOn oý 
program'starting from left to right is given immediately 
after the relevant data. 
t 
6 
PROGRAM 'PULSATING INPUT DA'PA: 
Line 299 
No 
I 16G. 7'ý-') 'ý"7 c :I as r . 
21P 
2. SS 22 C, i" 
3. r 
4. n. rýr-, jýCý, o )d 31 1. r 
5. C V, . 5C ý00 1 .' --cp L I 
ei I. o 
cl 4, I ý' r r. P 
. 
1ý3" :ILI ., 
**- '"T I 
6. 1 
. 17000 1 -3ý121 
ýO I 
-, -11 1 
'4 
'ý! I. rý 4 see 44 .,;, 
II 'n 't .r 
on L .: j 
0a I. ý). 4 ru 0o 
7. 0.0-ýý'Pc I Oc! p 
8. 1 1 11031-ýIl 1. I? CPP I ISý-, Ps I airloo I Lý3Lý10 1 . 4KSCO I . 27S-P-0 9. 0o 1 
. 323PLCA 13 ý' 3-Lo I. 3-tor On I . -r . 1peo 1 10. 1,4F3Seo 1 . 
ý'Gl"Ckqj 1 
. 
"660-112-0 1 
1ý I 
0 SOO . 025 
0--i'ýNPOO 0.4r)e(lo O. GS0,03 o. '-3VCTo 
12. 1 . 08WO I- tSWO I -17SCO 1 . 205700 1 . 22PCP- 1 1 .3 3000, 1 1.40OP-0 1.430-03 13. 1 . 43S; P 
T 1 
. 
44ý; 00 1.45000 1.4GL Poo L 'o I . 
4ý, rICA 1. ""(j -172 1-47ý'Pu 
I 
.S 10 II 2c 1r 10 
534C 1 YSSO0 
14. 1 . 60ý00 I . ý"ý72 - 
-'N) 
'! MýCO I ..? 't5oo 1 . 76sco 
's'- 1 'PO 1 . 82-OPO 1 
P4GOO I V20o 1 WUN 
15. 0 . 02500 0 
''TO O. GS000 O. &SOOO 1.0- >coo 
16. 1 . 11700 1 . 2-S2001 1 . 301,00 1 . 301,200 1 . 3ES w '0C, I. 
4'? "I 
-10' 1 .. 
46SCIO 1 
. 
48000 *0WO 1S I r'30krIT 
17. 1.55000 1. SG3 CC 0 1 SGSE DO 1 . 57ý'00 1 1. ý; - ý' " (-' Jk 1 GOSr, 'O I G3c'3"DO I G47nO I. G5 SZý 0 18. 1 . 68SOO I .;, 1200 
1,73000 1 1 . 76300 1 . ý181230 1 .. 7960[i 1.61 SOO 1.811SOO I. 27 S" C, 0 19- 0.02500 0.45eoo 0.8,0000 1.05000 1.20000 
20. 1.3GOOO 1.4016's 1.43000 1 . 48asl 1 . 4&_ý700 I. C0 1 C. 782-p 1. G, 0Gs: o -1 .G 12,00 I. G3000 21. 1.64500 lj3seoo 1.65500 1.66200 l. G77SO I GS "It2o 
. (394CIO 
1 
. 
60WO I nwo 
22. 1., 72000 '7ý 1 . 012,000 1 -. 71000 1 -01,5500 1 . '766CO I e"8320, 1 -197,00 I. M 
300 1 a 2" fs 00 1 8-li 20 " 23. 0.0-2500 0.3'ý "000 O-GSOOO 1-OSOOO 1.23000 
. . ( c 
24. 1.43001, 1.416 '000 1 . 4SICI&O 1 
25. 1 GS820 1-69ý500 1-70eOO 1 ., 20400 1 . 70469 1 ., 
21000 1 
f'1200 1 ., 72600 1 e73000 1 . 4'3c, 26. 1 . 74 SOO 1 .. 2 E5 00 1 -26 10 0 1 '77 LICO 1 .76,000 1 7S 12 k'I 1 . 796 00 1. &, 06 00 1 .8 16 00 1 . 83 0100 27. 0.025300 O. -loovo 0.71SIOD 1.10000 1'00M) 28. 1 . 2,18.7s 1 C"-'GPOO I -ULTO 1 . 29200 1.31SCO 1.33C: 00 1.3603S 1.38800 1.42100 1.44914 29. 1.49000 I. S2000 I. S7200 1.60700 IXCIII 1.6400t., I. GGSOO I. G7eOO 1.696 600 1.71ý00 
30. 1 .? 12eo 1.71500 1 -717GI I e"2190 I . '-30oo 1 .; '3cTO 1.75("C)o I .; 76svo 1 .?; 760.0 1 
d"'900.0 
31. 0.02SOO O. GS00 0 1.17020 1.2SOOO 
32. 
33 
1 . 31605 1 1 . 33200 1 . 347,10 1 . 366PO 1 
92,00 1.4 L'-' ,? Gg I . 473SOO I . 
45FOO 1 . 47839 . I. S1,100 1 Cý4 "I 7,0.0 1. CýSWP I. G3000 1 . (3-1119 1. Gs'ý500 I . Gssý 
"'i 
. 
34. 1 . 71 ONO 1 .. 225010 1 ., 73SOCI 1*., 23600 1. ? 3D, 10 1 -7,120 
. 
Ol D- 1-266eo 1.77000 35. "SOCCI O. oc_ O. GO000 1.01300 1 . 22000 1 . 1ý800 36. 1 . 3seloo 1 . 3160100 1 . 36700 1 . 38; 730 1 ACDCOO 1A 2000 1.43040 
1.4S200 1.4;; Icoo 1.49ne 
. 37 
38 
1 -S3000 1 S4-9010 1 SSOGS I Ss"'; oo I . 630CO I Gr-", Ir,, o I GS700 I GS000 I . 68,: 'COO I XG200 . -GS20.0 I rDS600 1 . 1""00,90 1 nc'00 It .? IOCIO 1 . 11 "160ro I. PKOO 2 1.; ýP900 1., 73300 1.73SCT 39. 0 -02S-00 0 A-"SOOO " -2002.0 1 . 2SON-1 1 . 30200 40. 1.32500 1 . 33200 1.3,10PO 7300 1.31 1.41000 1.430ý10 'A. -4E; C-Cla 1 S'ýOspo 1 . 52500 41. 1 r"j6"Jo IC r jc"ne'O I rý-C't -1 ,: O, L 1 S; S200 I Gl 192 1 G32N-" I G. ISET 1 GsSelo I ES7000 I G73-0 42. 1 . 67400 1 . 67ý00 I. C, 77 40- LO I*G9 to, 00 1 G8200 I I . 66SCO 1 . 66600 1 Gs; ý'oo I GS800 43. 0.02500 O. GS000 1-10000 1 . 20000 1 -25200 44. 1.28"900 1.321000 1 . 34S00 1 M; ý'00 1 . 39SOO 1 --'2WQ 1 . 4682ý; 1 . 490e. @ I. S OS 00 1. S2 C5 0 45. 1.55020 1 Sss"DO I-600 023 1 -GOSO0 1 . 6PSOO 1. C, 382,0 1 . 64POO 1 . 64120 1 . 61200 1 . 64SLIT 46. 1.64600 1 . 6,1600 1-6 -4 92) DO I-C, cc P00 1.65120 1-GS2 A'D 0 1 G5300 I GS Atoo 1 . 65500 1- C3 15 1: 33 P, 0 47. 1.01703 1 -02200 1 .02 80-10 1 . 03600 1 OS200 48. 1.05900 1 . 06700 1 . 07C '0 0P0 1. iklý 300 1.108, Oo 1 . 11000 1.112SO 1 . 11 ý00 49. 1.11600 1.1492.0 11 S'q Otl II S600 I. IS700 I. I C' p. "? 0 1 IF, 1 2, fj 1. I 62c. )o I. 16300 1.1640 
50. 1. Poe-00 1 
-30000 
140. Cl 00 10e. 00 1 woO 
'0 0 "? ý C "D 1 . 92000 P. 02-000 2.00000 3,00000 51. 
. 
1.04200 1-f, 5ý3co 1-0/000 1-11800 1.14200 
52. 1.17000 1.17200 1 . 16460 1 -19900 1 -20270 1-L'? 3 ý' 0 1 . 242VO H IL Sin 1 ? 6200 1 53. 1.276-10 1.28040 4'. .I 'ý 80 1 -29000 1.2 OS 00 1 S' 0,0 1 .31 Ono 1 .3t SOO I -32GO 54. 1.40000 1. ý? - ", 0a -0 1 Xoe-oa I I ru 000 P- O'Oeoo 2-000 2. -10 C,: ý0 2.600CO 2. 'ý0000 3,210 0 C. 0 55. 1.06200 1 . 
107800 1 . 092CO I Sr)o II i600 
56. 1.23900 1. (27010 1-L6,210 0 1 . 09300 1.302so 1-31J L' 1 10 I. .3 F3 1 "; krl 1 . 38HO I --losp-0 I . 426SO 
300 
57. 1 . 43 160 1 .4 -1110 1.4 
1.4S; 200 1.4 5730 1-4 S020 I-46,600 1. uA, 0 CIO I S200 0 1 S-t 20 
58., 
. 60000 1 .; Tcloo 1 . 61 "000 1 . 920,00 2 . 00COO 
Cý. 40000 2' .G0000 TOO C2 3 00000 59. 1.09100 1.11800 1.16200 1.2"N--po 1.271300 
60. 1.38600 1 . 39763 1.402,0 .0 1 .4 48 30 
1 
. 
4592ý0 1 
. -103ap 1 C; 2220 1 S; -i3SO 1 . 5? 210 1 . 603W, 61. 1.630so I. GSOIO I. GS300 I X72'30 1.67960 1 -6)9ý20 -'1210 1 .. ' 1.7sOoO 1.;, Sooo i-e! Geo 
62. 1.90000 2.00000 CE, . 12 000 2.20.0 00 2.30020 P-40023 C'. WPOO 2.60COOO 2.80000 3, r, -10000 63. 1.1scoo 1.16603 1.,? 53co 1.34000 1.41900 
64. 1.53400 1. cý 70C, . ýW 0 1.64700 1 S674C 
1 
.,? 
A'lso I 
. 
6fei'MO 1 
. 83920 1 1.69192 
65. 1 . 91760 1.95260 1.97P10 I. 9 -E, S" ý0 2 . '02800 0.06PP-0 c . 08No 2.12000 2.120,00 
2.1-4600 
66. 2.210000 2.21 50 0'0 2.32.000 2.400Q0 c: Soooo 2. (ý e00 01 c . 417,0000 80,000 2. ý 2. S0000 3.0,22000 
67. 1.2icoo I . 262VO 10CC, 
0 1 . 42L'oo 1.52000 
68. 1.71000 1.; 77100 11 1., 782,21 1.61702T 1.973C-10 1. ýIK00 "'8210 2. cý 2.11600 2.18120 2.21700 
69. 2.2-4100 2.216100 2.2E, 1_; oO 2.31320 2.32500 2.3'ý000 2.4pooo 2.4', ýooo 2.47000 
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0.36933 0.31273 0.32s, -Is 0. -? O; "Us 0.3032S 
0. ýi iý' fý C 
O. a9SG2 0.41G27 2 . 4223') 0.47134 0 . ý. -)2141 0. f J'ý 
V,. 44148 0.40,8"C' O. "C)411 4 C 
0.32-159 0-48'70,2 0-'ý :) -PISS 01. -'ý64211 0.5)ýIGSC, C 
0.40738 0.38331 )l -SG 0., -30 ) 1-, 2SS 0. , 0.: -10,79 , E': ý 00 .1 :1, f.; 't 
O. 4S971 0.51,216 3. '-'SSS; e 0.5"'. 74 0. ý; 7; 780 0. ýý)724'24 'e 
0.42CSJ 0.40912 0-3ý, SIG 0.3)62cp 0-31: 3069 -'C 'S I O. L, ý, S C, 
01491, 0.543r3 O. SSS9? O. f-)2" 
0.4392-9 0.319S20 0-38-367 0. ',, ", Ir)4 0.3928, 0.33L'52 
0.47910 0 C31 158 0.1571, ý3 O. SS31S O. SG063 P. CýVf3 
0.42819 0. -'0694 0-1/3,16 `7 372113 0.1)f , MG8 fr., .3 0.3r-r, 11,3 1 
0.4501c. 1 0 . 'S 15? 2 IP, .S3 93 9 11 0 . ', -)77G 1 0. S, 83 8 IS 0. (., (ýj ýý3 
0.11,6762 0.4"; 212 0.43c), 30 O., 1206S 0.3, CS r (I I q 
0.49390 0.52106 (3. t3-1341 O. 'J7,767 O. S7704 V) 73ý, 13' 
0.4928-3 0 ql-'a Cl . 1180 34 
0 
. 4? 1 1`3 0.462, "'A 
21 
0.54917 0. S , Z? G3 0- Siý, 7; ý'ýý B SS, 319 O. S492S -21s., 3 0 
0 
. 49 
1; 76 )3.5 0 j?, . 4P, 
IA 0 
1 
. 
0000 1 
. 
0500 1 02-C, I- I SOO 1 
. 
2200 1 
. 
2N 
-Aq, . 
4,210 0 
1.9000 2. OeOl', 2 . 1COO 2. 20,2,13' 2.3000 2.4000 2. ý; Nj 
'73S 
3 3) r),, 3 
--, 
LAP 71 
4 
2 . 6, "00 
s) 3 
C, C, 
1ý 11 A P,; l 
0 It S 21 P) 
In, 
0.1, J8422 
17 4 
t: '31 GS 
11) It 
2 
ý; 'S 2 
U 11ý3&97 
OD . 113 3 ý, I 
2. S, 0GG3 
AP 
.2 
"I LA 
01 A37C 
3 . -1 ý-O, -)ý 
a 12 92 91: 
Cý 1ý1 
"1 21 Ar 
C, i3 
.4C,, ý 
f 
A 77, 
0 . 4.3 
t S7 
1 -- -1 0 . 42FýU 
0 
.481 
9S 
11 IC rI,: S, 
6'ý 7 
.4 
1) 
. ." -I 
Vi-'r 1,3 3ll. -,,? 
14 10 cl, 
2.87-il"o 
3.00,10 
0.0000 0.0274 0.03-1el 0.0-451 0.0507 Ol OSS9 0.072S 0.0? ý 
O-OPO 0-0862 O-OSU3 0-3901 0.0924 0. 09'13 O. C'ýK2. C0.10,01 MOV') 0.103-f 
0.1055 
O. 2912E+03 0.1124F-03 O. '&20SF+01 _4C! 
l 0,1203C -01 0 
O. C)SOOOE+CIO 
0 .. 2 GeN +01 
"ýS, 20[4-00 0.2842E4-03 0, 
2.12OOE--02 O. ISCOE+01 
259. 12 
260. o. o? 7s? ir---oG 0.8 t-: -, [-. + 
261. 0.071281E-03 0 C, 91'-+00 
262. 0.144391C-03 0. '59E+00 
263. 0.21932SE-03 0.51E-ýeo 
264. 096 05 2F-0 -1 0.43E+00 
265. 0.37 46S4F -- 03 p .,,, r- J, 
4 
266. 0 . 455 1 f4l IF -L-A, ý' 0.3 
CIE 4 o[l 
267. 0.537260E-03 0E4-0 10 
268. 320112E -0-2 0.0 0.221+00 
269. 0.4j8'-"p9? E--02 , -I E 7, Cl 0. (Ir, AL 
270. O. S3G3G23E--02 0.18E4-00 
271. e.. 67446SE---02 0.12E+00 
272. 3ý e 
273. O. OOOCE+00 9. "; 2,3p, 
274. 0.8300C-03 O-fi'iiOc -ers 2171 Mu- 
275. 1670E -02 0.8c-3C-F-- -eG .i r- 05 
276. 0.2SO0E-02 0.953LC-oe, 
277. 0., 3330E-02 0. Jýz-. 3r 
278. 
279. 0., 5000c. -02 0.01 7&, CE -0(- LI . (-, 21 Or- -CG 
280. 0.5830c--02 O. r)9Eýl; E- -oci 
Li 
0 >J. -. -oi 
r; 0 (J 
304 
281.0. GG;? e. E --0,1 
282.0.. -ISCCE -02 
283.0.83,313E -02 
284.0.917-ZE--02 
285.0.1030E-01 
286.0.1083E. -01 
287.0.1 167E- -o 1 
288.0.12seE:. -01 
289. - 0.1333E-01 
290.0.1 -i 17E--0 1 
291.0. ISOCE--01 
292.0. ISS3E--01 
293.0.16G7E-01 
294. 
295. 
296.0.1917E-01 
297.0., ->OOOE: -01 
298. 
299. 
300.0.225-0C--01 
301.0 
- c"-'333C---0 1 302.0.21417E-01 
303. 
304.0.42,583c--01 
305.0. 
('-6G7E--01 
306. a', SCE -01 
307. 
308.0.2917E.. -01 
309*. 0.3000E. -01 
0. IL 239E -els 
0.4114r -e- 
O. lo, llE: -04 
0.2 1 l`GE -0-1 
0.34S0C-04 
0.21S-1F-03 
0.429GE-03 
9.13 1 OBE -02 
0.47sir--02 
0.5985F-02 
0. C>-IOSF -02 
0.5970E-02 
0.4S'19c--22 
0., 290ýbE -02 
0.40sBE-03 
0.1891E-03 
13.2674r- -0-1 
0.1821C-04 
O. ci247E-OS 
0.2872F-05 
i0.0-7GOE -or, 
£5. Gc-->10E -06 
0.6992E--eB 
0. G 21 ec 
0. G98ZE, 2G 
0.8530E-06 
0.9312E-06 
0.931 CE-OG 
9. dý7C, CE-OG 
0.7760E -OG -ü3 
0 . 77GCE -OB 0 -04 
0.8530E -06 0 . 182 lE, -0,1 
0.8530E-OB 0.52-1717 -05 
0. i>': "30E -06 0.228 ?Z7-03 
-OS 0.77f30i- -OG 
0.8530E-BG 0 rz 2 10 E0 IG 
0.77G0E -OS 06920U- 211 G 
0.41J4F -05 0.8530E -OG 
0. C«-'12sc. -0.1 0.5310E-013 
0. ýJ4SCE-04 0.. ' "PGýiE: _OB 
0 ., 598,; E, -02 0. P"-; 30E: -OB 
O. (3405F-02 0.653eýE -OS 
O. SS7CE--02 0.7760E-OG 
0. -1549r---02 o. r3981. IC -eG 
0 -2908E---02 0.10j F' - 05 
0.40SGE. -0, 'jý 0.41 IAF- -os 
0.1891E-03 0.1041E-04 
0.11G74r.. -04 0.212rzE-04 
MISSING 
PRINT 
305 
Line 
No 
Nomen- 
clatire 
Definition Units Value 
ir 
Samplc 
Turbine Mass Characteristics 
(Fig_6.3 
1&2 XNRT3. N turbocharger speed para- VT ' rpmlVK Array 
meter 3 ;t VT 
3* k! lv /K 3-46 XAMFP turbine mass parameter P Array 3 sec bar 
3 47-90 XP3DPO j turbine pressure ratio 1ý4 Array 
Turbine EfficiencýL qLajýLýctC_! E- 
_ istics (Fig ý. 4) 
91&92 XN 
N tu . -bocharger speed para- VT ' rpmlVv.,, Array 3 meter 
3 
93-136 XP turbine pressure ratio P 4' 
Array 
13 7-180 XT Tit, turbine efficiency Array 
Compressor Steady Character- 
istics (Fi2 6.5) 
18 1&182 xCS N, turbocharger speed rpm Array 
183-204 XA ; , compressor mass flow rate kg/sec Array c 
205-226 XPC 
P 2, compressor pressure ratio Array 
P1 
227-248 XCE nc, compressor efficiency Array 
Compressor LOadinq Nozzle 
Characteristics(Fig 5.9) 
249-251 XP2 P 2' compressor loading nozzle bar Array inlet pressure 
252-254 XAMO 
0 Mz compressor loading nozzle 
kq 
3 Array 
P2 mass flow rate divided secVkglm 
by square root of density 
255 T1 Tl, compressor inlet temper- K 292.2 
ttture 
AI I, turboch arger moment of kg. m 
2 0.1104xlO- 
3 
306 
Line 
No 
Nomen 
clature 
Definition Units Value in 
Sample 
255 CP C specific heat at constant I 
kJ/kg. K 1.005 
p? essure 
GAM y, ratio of spccific heats 1.4 
PO P., atmospheric pressure bar 1.0 
ERROR Permitted error of iterative 0.01 
procedure 
256 M. FF nm, turbocharger mechanical 0.95 
efficiency 
257 PG Pu, pulse generator input bar 2.689 
pressure 
TG Tu.. pulse generator input K 284.2 
pressure 
GASR R, characteristic gas kJ/kg. k 0.287 
constant 
3 6- 
VS Vs, exhaust system volume m 0 . 1099X1 
T3 T3, turbine initial inlet K 284.2 
temperature 
to P3 P3. turbine initial inlet bar 1.193 
pressure 
258 DT At, time step sec 0.001 
TMAX calculation time sec tmax , 
1.5 
, . required 
259 NTM Number of data points for 12 
valve opening areas against 
valve coefficients of dis- 
charge 
260-271 AFG Pulse generator valve opening m2 Array 
area 
ACDG Cdr Pulse generator valve co- - Array 
efficient of discharge 
272 NTN Number of data points for Array 
pulse generator valves cycle 
time against pulse generator 
valves opening areas, (Fig 
3.15) 
307 
Line Nomen- 
No clature 
Definition Units Value in 
Sample 
273-309 BTIME Pulse generator wal-ve cyole sec Array 
time, (Fig 5.3) 
BFG(l) First pulse geneyator valve m2 Array 
opening*area, (Fig 3.3) 
BFG(2) Second pulse generator M2 Array 
valve opening area, (Fig 5.3) 
BFG(3) Third pulse gienerator in 
2 Array 
valve opening area, (Fig 5.3) 
308 
pROGRAm PuiSATMG2 INPUr DATA 
Line 
No. - 
1-254 As in pr Pulsatingl input data (page ýn OT 2-55 , ý 
0.? f). I1 -96/iE+ , 03 04E 0-10 0'3ý. + ['I 
256 0.1027E+01 0-10 5flF+01 
257 p. CIO n I. I q'5 P9 : 1.11 0 P57 It). 00 
2 53 P-05P 1.155 P9P. 95 P 5"1 1 5. it it 
259 0.100 1-I r) I P. )P. 95 P 5-, 1 5.0 0 
260 0.150 1-IP1 309-60 25715- 11, ', '1 
261 0- 151--l 1. -3 154 3 F) 5. f) P b7 10 it 
26P a-P00 1- Aý) 3 '10 1-C! 2 60 6 11 
263 O-PPI 1 . 29-1 P-1 /J. 0 P- 6AIP5 1) 
264 0-223 1. s04 P641 f: C, Ii 
265 0.253 1-P51 P8 3. -3 0 26757. tj 0 
266 0-P 57 1.7175 303.60 27 10 5. U0 
267 0-280 1. PPll '? -; 4.4 0 27j P 00 
2 68 f) - 213 3 1 -7 6ý; 301 P-70 P3 4? 00 
269 0-306 1- 'P 59 2ý)' 4.7 1) 23 3 /J?. L; 0 
270 0.315 1 .741 30P* 40 29 196.00 
271 0-33 1.279 Pt; 4.7 0 29 19 U. 00 
272 0-340 1 -ýf2o 302-70 29537.00 
273 0.353 1.2,37 P3 A-70 3023 "'ý - L' 0 
274 0.365 1. -1 01) 30P. 40 30,53 C- r' F) 
275 0- 3E; 2 1-2190 215.0 0 3 127 b. t! 
2-16 0.390 Y. 01 30P. 10 3 1622 -0 
2-17 G. 406 1.3 o'e ý? 5 5- 30 3 19 70. it it 
273 0.415 1.697 3nI. --, ) 0 3 19 7U-U 
279 0- "13P 1.3n2 P 1) 5.0 V 32 3 17 - [ý 
230 n. 4,19 1.6') ", 13 01-3 (11 3 P6 6 5. C, 0 
231 0- 455 1.302 "C': j 5.0 0 3301 ýý -0t, 
?S2 0.46? 1.6 -) -1 319 1 ., ý 0 33360 - ri 0 
? -3 -1 
0.4-1-3 1-316 PI), 5. UU 3 37 (17 - (", ý! 
234. 0- 43 7 1. -(l 9 11; 11P I- 50 3, ei fý! 55- ý'i 0 
P, 3 -5 
n. 503 1-31 ýý ý; li 15.0 0 3 47 ') [1 -9 it 
236 n-510 1- 611,3 1ý0 I- 
347t)), - (I L; 
23 7 0.526 1.312 2-3 5. ý9 0 -350 -) 7- ("; 0 
2,39 n-535 1.632 30 1- PO .354 4) . r), r; 
P3 9 0-550 1-312 3 C-) .a0 3 579 
290 0- 55-1 1-6; 13 301.5(i 36 1 4U 
291 0-5713 1.31P ý; 5.0 0 36 4J )7-UU 
29 2 0.5-30 1.6-)6 3 01 1.5 Cl 36,13 b- li C 
293 09596 1. IIP 2-3) 5.0 0 37 1 ý3 ý' -0 Ll 
294 0*605 1- 69 6 3 rl I . 'P- 0 37530- ýl U 
295 0.622 1.312 25 5.0 D 3 7ýý 77.0U 
296 0.623 1.696 301-20 313 P P! ) -0U 
297 0.645 1.312 23 5.0 0 35 22 5.0 0 
296 0.651 1 *696 301 - ý10 3, i 57ý) -00 
299 0. J`; 63 1.312 23 5. G0 3 -3 57 'P . 'Ll 0 
300 0-6-P 5 1- 3fII. P0 33 ('s . (I 
301 0*69P I-"I1 2 15.0 f! 39,967 . Lit, 
30P (1-693 1-6 -) 6 30 1 . 1PLI 39 2 67 .00 
303 0.7 11 1- 3P5 e) -, f :)5. 39 5.0 U 
'3 0 . .4 
0.722 1-6-)6 3 01 399 6ý1 -0 11 
3n5 0- -0 3ý3 1.325 s. ), 4: 3 5.11! ) 39 Ll 
306 0.745 1- 6') 6 3') 1. Pj 40 31 0- ýý (i 
30-1 0.514 1.33) "ý' ') S. Cl 4" U31 "', - tl 1*1 
log 0. otý's . I .,!,? 6 3k'' I. 1) 40 65-1 . 1-! 11 
299) 
fi -1 e4 0 (1 F- +01 LI-IOOOE-01 
309 0.775 1.33-) 5.0 (1 'el 10 f, 5.0 0 
310 0.732 1.119 30 1-pp 41 ff t! 
31 1 0-3C3 1.2111) ;ý15. f" u 41 U tI 11 
312 '0 - 1) 16 1. f"? 6 1VI-ý, (f 16 135P -P "I 
313 a ., v) 3r 1 -33-) PI3 t). 00 41J5. ýi 11 
31/1 0. -339 1-6 3UI-0 41 3 t) -U fl, 
315 0-35 1 . 339 5. it 413 5p .0 
316 0- ý3 62 1- 69 6 tj 30 1- 1; 1 35P- 0 L, 
317 o- -3 -1 ;3 1 33ý) P 1) 5.11 p . 11 P (1 7- 
31S 0.335 16 -) 6 31) 10 14 !? 07-P f-I 
319 0.9op 1 . 339 1. -)-3 b-0 () ziP39 5.0 0 
320 rf .90 -) 1 . *69 6 30 1-p0 -4 
ý' 3 ') '. ) . 
(I t1 
321 0.9P4 1 -339 ýý e') 5-P () 4 '2' 3 -) 5.0U 
322 (1-931 1- 69 X, 3 11 1-ý, r, 4p3-) S. (I 
323 0.94-3 1- 339 P-)' 5-00 4P7-, j ý-ý - f1i 
324 0.955 1.696 3n I. po , 309 0- "I U 
325 0.9-1 a I- ýQý) Pý 5. ell C; -,, 30 -) 0- (1 LI 
326 0.973 1.696 301- 1c, 11 -630 90-00 
327 no')9 4 1. "I'll? Pli 5.1) 11 43437o P 11 
329 1000p 1 . 69(, 3n I. pn 43 -Ij3 7. nr, 
329 1o 11 ý3 1 -. 139 P-i 5000 43 T-i 5.00 
330 1.0p5 1.6 01-Pu 37 131 5-0U, 
331 1. P41 1 . 11,39 P30 5. n (1 4373 15 o0 ft 
332 0,1149 1 . 696 301 -2fl 4.3 76' 5.00 
333 n65 1.339 ý, '), 5- (i 1) 43 73 r. -0 (1 
334 o07 () I o696 301- P-. 11 43 7,3 5-u ill 
335 1-0,313 1.339 23 5. Ob 437, ) 5. U fl 
336 1.095. 1.69 1ý -i (. I- ýj 0 43 7f -3 5-0F, 
337 1 10 1.339 235.00 4373 5-UG 
3 33 1H 1.0;, ) 0; 301 -20 A37 -3 5.0! 1 
3,19 1- 134 1 . 339 Pý3 5. U0 44 13 ý-' -0Q 340 1.140 1.696 30 1- P(I 44 Zc, ý 0. (11 0 
341 1.1 53 1- 339 : ý. 3 5.0 0 44 4ý; 0. LI U, 
342 1- 164 1 . 696 3PI- 'P 0 4 4,6 I, 'j f) .LI LI 
343 1. ISI 1 . 339 PJ 5. (10 4-4 4 -, j () . 0( 1 344 1.1,33 1.696 3 0,1 - 'C' 0 - 6-64ý 0.0 Ii 
345 1 . 204 1 -339 PA 5'. of) A44,3 f) . () () 
346 1.2 10 1.69 (-ý 10 1. Of 0 4 4, ejý3 0. [; 0 
347 1.223 1.33-) 23 5- 00 4443 0. C1 0 
3 43 1.234 1- 64 6 301 -PO 4 14 4 tl P. (I LI 
3 IJ9 1.252 1.339 ?; i 5-00 4A 4r-)' 0.0 it 
350 1.25,3 1-696 301-P0 44 413 () . JI(I 
351 1.274 1.31,39 Pi 5-0 (1 4 413 P 71 .0U 
352 1.23? 1-696 3U I- 20 44" ) 'P 0 t) 
353 1.29,3 1.339 PýS 5.0 0 4 43 27 .00 354 1- 303 1.696 30 1- P9 A 4-12 7.1:! U 
355 1- 3212 1-339 -1 p3 ---) - 0,11 Z4' 27. OU 356 1-323 1-6)6 3 F,, I. 2 rl 44 12 7*00 
357 1 *343 1.339 35-F, 1 10 443.0 fj 
.0 
309 
310 
Line Narien- Def initicn Units Value in 
No calture Sm-ple 
1-254 as in PROGRAM-PUTESATING1 
INPUT DATA 
255 T1 Tlcanpressor inlet ten-p- 1"' 296.4 
erature 
go' AI I, turbocharger mcmnt of kg. m 
2 
0.1104x, 6-3 
inertia 
CP C specific heat at kJ/kg. K 1.005 p 
constant pressure 
GAM y, ratio of specific heats 1.4 
ERROR Pern-Litted error of iter- O.. Ol 
ative procedures 
256 PO P Atmospheric pressure bar 1.027 0 
P4 P 41, n't'al turbine exhaust bar 1.050 
pressure 
257- TIMED t, time sec Array 
357 
P3 
P3DPOD -I turbine pressure ratio P4 - Array 
T3D T 3' turbine inlet tEfrp- K Array 
erature 
CSPEDD N, turbocharger speed rpm Array 
311 
PROGRAM NCN-PULSATING INPUT DATA 
Line 
No. 
1-254 As in Program Pulsatingl Input Data 
255 fl-2959FE+0,3 p. jj[j/jr. --(j-j (I-leOCIE+01 U-I 110CE- 01 256 n. 1036F+O 1 0-1 114,3, E+ 01 
251 o. -onioE+ne 
253 0.00 1- 23 1. -3 
259 0.10 1-603H 212-61) 
260 0ýP0 1-66700 PF, 0.60 
261 0 -'3 0 1* 69 4110 2,3 P-01 
262 O. An 1-99"300 P1 3. P fl 
263 0-50 2.0pr)(10 2'30-60 
264 0.60 1-99,. 3 no P7-3.60 
265, , 0*70 109 -3 600 27,1 .6 (1 266 P. 30 1-9 *--, ) P00 P7-3 - 60 267 0.90 1997900 ? 7r3-60 
268 900000.00 
0 
II 
1 312 
Line 
_No 
Nomen- 
clature 
Definition Units Value in 
Sample 
1-254 as in PROM %M-PULSATING1 
INPUT DATA 
255 Tl Tl, ccrrpressor inlet K 295.9 
- tenperature 
Al I, turbocharger mawmt of 
2 kg. m 1073 o. 1104x 
inertia' 
CP C specific heat at kMg., K- 1.005 p 
constant pressure 
GAM y, ratio of specific heats - 1.4 
ERROR Pemitted error of iter- - 0.01 
ative procedures 
256 PO P Atnospheric pressure -bar 1.036 0 
P4 P4 jnitial turbine exhaust bar 1.048 
pressure 
257 ERROR1 Permitted error of iter- 0.001 
ative procedures 
258- TRED t, time sec Array 
267 
P3 
P3DPOD P 
turbine pressure ratio - Array 
T3D T 31 turbine inlet temp- K Array 
erature 
